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synthetic rubbers. 


GR-A, 










I. Introduction 





The Peachey process, which has been used to 






alternately to sulfur dioxide and hydrogen sulfide 





2, 4, 6, 7) has now been applied to 
synthetic rubbers. This communication describes 


gases [{1, 






the results of an investigation initiated recently 
by MePherson [5]. The polymers studied include 
natural rubber, GR-S (butadiene-styrene copoly- 
mer), GR-M (polychloroprene rubber similar to 
Neoprene-GN), GR-I (isobutene-isoprene copoly- 
mer, or Butyl rubber), GR-A (butadiene-acry- 
onitrile copolymer, or nitrile rubber), Hycar 
IR-15 (similar to GRA), Hyear OR-25 (lower 
acrylonitrile content than the OR-15), Hyear 
IS-10 (butadiene-styrene copolymer having a 
considerably higher styrene content than GR-S), 
Ivear OS-20 and Hyear OS-30 (both similar to 
iR-S with the exception that the OS—20 con- 
ains little or no fatty acid). 






















II. Experimental Procedure 








The rubbers tested were sheeted as thinly as 
practicable, usually from 0.5 to 1 mm, by means 





f a laboratory rubber mill, and strips approxi- 
lately 1.75 by 


1eets, 





were cut from the 
These strips (usually four to six at a 


1s em 

















his paper was presented at the 112th national meeting of the American 
hemical Society held in New York City, September 15 to 19, 1947. 
? Figures in brackets indicate the literature references at the end of this 
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eachey Process on Synthetic Rubbers 


Vulcanization of Synthetic Rubbers by the Peachey 
Process' 


By Norman Bekkedahl, Fred A. Quinn, Jr., and Elmer W. Zimmerman 


The Peachey process, which vuleanizes natural rubber by subjecting it alternately to 


rubbers cured any faster than natural rubber. 
butadiene cured at about the same rate or somewhat slower. 


times as long as natural rubber for an equivalent cure, and GR -M required even longer. 


pVuleanize natural rubber by subjecting the rubber 


sulfur dioxide and hydrogen sulfide gases, has been found to vuleanize the more common 
The polymers studied were natural rubber, GR-S, GR-M, GR-I, 
Hyear OR-15, Hyear OR-25, Hycar OS—-10, Hycar OS- 20, and Hycar OS-—30. 


Good cures were obtained with all of the polymers except GR-M. 


None of the synthetic 
The nitrile and the styrene copolymers of 


GR-I required roughly 50 


time) were placed on a long piece of heavy-gage 
galvanized wire screening that was inserted in a 
25-mm diameter glass tube approximately 1 m 
in length, each end being equipped with a ground- 
A triple inlet tube was connected to 
one end so that the gases, sulfur dioxide, air, and 
hydrogen sulfide, could be admitted separately. 
A single outlet tube at the opposite end led the 
unabsorbed gases first through a 20 percent solu- 
tion of sodium hydroxide, then through a saturated 
solution of bromine in water, and finally through 
a dilute solution of sodium hydroxide in order to 
trap any of the remaining gases, including bromine 


glass joint. 


vapors. 

Except for the initial series of tests, which will 
be discussed later, all of the test strips were exposed 
to the vuleanizing gases for 5-minute cycles, the 
number of cycles being varied from one to as 
many as 128 in an effort to determine the condi- 
tions for optimum cure for each of the various 
synthetics tested. 
5-minute 


A single eycle consisted of a 
to sulfur dioxide, a_ brisk 
10-second sweep of air to remove the sulfur dioxide 


exposure 


gas not absorbed by the samples, and a 5-minute 
exposure to hydrogen sulfide, followed by another 
brisk sweep of air. 

In all of the experiments a separate set of sam- 
ples was used for each of the various numbers of 
cycles indicated, i. e., one set of samples was in- 
serted into the tube, exposed for one cycle, and 
removed; a different set was exposed for two cycles 






and removed, ete., until all of the desired number 


of cycles were completed. The samples were then 
placed in a vacuum oven at room temperature for 
$ hours to remove all uncombined gases and also 
the water vapor that is formed in the vuleanizing 
reaction, and were then weighed to determine the 
weight increase, which was assumed to be caused 
by the added sulfur 

The extent of cure of each strip was qualitatively 
evaluated by hand-stretching. Some of the sam- 
ples from each run were then quantitatively 
analyzed to determine how much sulfur had ac- 
The difference 


between the percentage increase in weight and the 


tually combined with the polymer 


combined sulfur was assumed to be free sulfur. 
Chemical analyses on a number of the samples for 
free sulfur indicated this assumption to be correct 


III. Results of Experiments 


Before actual vuleanization 


studies, strips of each of the rubbers to be tested 


beginning the 


were submitted to a 16-hour exposure to sulfur 
dioxide gas; another set of samples was similarly 
exposed to hydrogen sulfide gas for the same 
length of time. The average increase in weight 
during this treatment was 0.2 percent, indicating 
that there was very little, if any, chemical addi- 
tion of the gases to the rubber. 

An initial series of tests was made to determine 
the most practical period of exposure of the rubber 
to each of the two gases. Natural rubber was 
used for this determination. In addition to the 


pure ribbed smoked sheet, three batches of 
smoked sheet containing various combinations of 
fillers and accelerators (see table 1) were exposed 
to determine whether or not these combinations 
would cause a change in the rate of vuleanization 


5, 2.4 10, and 20 minutes, 


Single eveles of 1.25, 2.5. &. 
respectively, were run. A study of the curve of 
the percent increase in weight plotted against the 
duration of the evcle (fig. 1) shows that the longer 
times of exposure to the gases in a given cycle 
vuleanize a sample of rubber in a smaller number of 
eveles, but that the sulfur can be added in less total 
time using shorter eveles. Extremely short cycles, 
however, waste vulcanizing gases and also do not 
give time for the gases to penetrate into the in- 
terior of the rubber samples. As a compromise it 
was decided to use 5-minute cycles for the ex- 


periments to be described here. The numerical 


2 


> + —__+—__—__—___+————- +. — 


INCREASE IN WEIGHT, PERCENT 


| | 

| | | 

i i i = | i 
5 10 1s 
TIME OF EXPOSURE. MINUTES 








“IGURE 1 Increase in weight of samples of compour 
natural rubber plotted as a function of the time o 
posure to sulfur dioxide and to hydroge n sulfide fo 
cycle of operation 

Che letters representing 


nin table 1! Data fre 


values for these tests are given in table 2. It 
and DD effected 
significantly greater absorption of sulfur than 


be noted that compounds B, ©, 


rubber alone), but that © and D produced 


noticeable advantage over B From the resu 


of a repetition of this test, in which the sampl- 
were placed in reverse order in the tube, changin 


in effect the direction of flow of the gases wi 
respect to the samples, it has been shown that t! 
TABLE 1 Compounding formulas 


Ingredients 


Ribbed smoked sheet 10.0 wo.0 100.0 
Zine oxic 

Stearic acid 

Mercaptobenzothiazolk 

Zine dimethyldithiocarban 


Parie 2 Vuleanization jor one cycle 


Duration of eve 


Natural 


w compounding 
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SULFUR, PERCENT 


position of the sample in the reaction tube does not 


affect the percentage weight increase. 
In table 
from all of the synthetic rubbers and natural 


3 are summarized the data obtained 
rubber studied. The increase in weight is based on 
the weight of the original sample. The combined 
sulfur ts also comput d on this basis and therefore 
represents the parts of combined = sulfur per 
hundred parts of original polymer. The extent of 
Bure was estimated by hand-stretching the individ- 
ual specimens and observing the rate and degree of 
recovery. It is believed that the optimum cure, as 
indicated for each type of rubber, represents the 


vuleanizate that has the highest tensile strength. 


——r— 


_ - nr 
r n °o 


SULFUR, PERCENT 
@Q 


2 
NUMBER OF S-MINUTE CYCLES 


IGURE 2 Percentage of sulfur added to GR-S, GR-A, 
Hycar OR-15, and Hycar OR-25 rubber sample § plotted 
asa function of the number of 5-minute cycles of ET pPOsure 
fo the gases of the Peachey process. 

1 sulfur as determined by chemical anal 


e total sulfur as determined by weight 


32 

NUMBER OF S-MINUTE CYCLES 
PiGURE 3. Percentage of sulfur added to Hycar OS-10, 
Hycar OS-20, and Hycar OS—30 rubber 


asa function of the number of 5-minute cycles of exposure 


samples plotted 


to the gases of the Peachey process. 
Che solid lines indicate combined surfur as d termined by chemical anal 


nd the broken lines indicate the total sulfur as dete rmined by weight 
f the sampk 


eachey Process on Synthetic Rubbers 


Figures 2 and 3 show in graphical form the dat: 
obtained from the butadiene-type polymers. Al! 
of these rubbers were run simultaneously. The 
solid lines indicate the amount of combined sulfur, 
and the broken lines represent the total sulfur 
Figure 4 shows similar results for GR-I and GR-M 
synthetic rubbers. These polymers were run 


separately from the others because of their 


extremely low rate of cure. The results obtained 
from vuleanizing natural rubber are shown on this 


same graph for comparison. 


26 
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Percentage of sulfur added toGR- M,GR land 


natural rubble 


Figure 4 


sam ples plotted as a tunction of the nNuM- 


ber of 5-minute cyele exposure to the gases of the 


ache / process. 


lhe solid lines indicate combined sulfur as determined by chemical anal 


ysis, and the broken lines indicate the total sulfur, as determined by weight 


nerease of the se aple 

A confirmatory experiment was performed in 
which natural rubber and all of the synthetic 
polymers, with the exception of GR-I and GR-M, 
were vulcanized simultaneously for 4, 8, 16, and 
32 eveles, respectively. The increases in weight 
agreed so closely with those obtained in the pre- 
vious runs that it was thought unnecessary to run 
chemical analyses for the amount of combined 
sulfur or to tabulate the additional data. 

As a matter of interest, the vulcanized pure 
ribbed smoked sheet specimens described in table 
2 were subjected to two physical tests, namely, 
stress at 15 kg/em * (213 psi) and permanent set, 
Each group of similar degrees of vulcanization 
(1.25, 2.5, 5, 10, and 20 minutes) contained four 
strips, two of which had been cut longitudinal to 
the direction of passage of the rubber between the 
mixing rolls of the mill and two of which were cut 


3 





TaBie 3. Vuleanizations for various numbers of cycles TaBLe 3. Vulcanizutions for various numbers of cycles 
Continued 


Num Weight Com- 
bined Extent of cure ? Num- Weight) Com- 
Type of polymer ber of in- bined Extent of cure 


cycles sulfur 
. eyeles crease sulfur 


Type of polymer ber of 


Hyear OR-15 


Hycar OR-25 


livear OS-10 


Iivear OS-30 


GiR-M 


None 

Extremely slight cure 
Slight cure 
Undercure 

Good cure (optimum 
Overcure 

‘Leathery” cure 


None 

Slight cure 

U ndercure 

Fairly good cure 
“Tight” cure (optimum 
Overcure 

“Leathery”’ cure 

None 

Fairly good cure 
“Tight” cure (optimum 
Overcure 


*Leathery”’ cure 


None 
Slight cure 
Undercure 
Fairly good cure 
“Tight” cure (optimum 
Overcure 

Leathery”’ cure 


None 

Slight cure 

Undercure 

Fairly good cure 

*Tight™ cure (optimum 
Overcure 


*Leathery” cure 


Nom 
Slight cure 
Good cure (optimum 
Slightly overcured 
Overcure 
*Leathery” cure 

Deo 


None 
Slight cure 
Undercured 
Ciood cure (optimum 
Overcure 
*Leathery” cure 

Do 


None 
No noticeable cure 
Do 
Do 
Do 
Do 
Do 
Do 
Do 
Some cure noticeable 
Slight undercure 


Per 
cent 
0 None 
0.18 No noticeable cure 
a4 Do. 
Do 
Do 
Slight cure 
Do 
Undercure 
Do 
Slight undercure 
Good cure (optimum 


None 
Appreciable cure 
Good cure (optimum 


a Slight overcure 

Overcure 

Cireatly overcured, 

*Leathery” cure 
Do 





Z-t -) ee me 


Based on parts per hundred parts of polymer 
Estimated by hand-stretching 


transverse to the direction of milling. After « 
termining the cross-sectional area of each stry 
the proper-sized dead weight was hung on || 
strip and the elongation between two gage mat 
was measured at the end of 1 minute. The weig! 
was then allowed to continue hanging on | 
sample for an additional 4 minutes, after whi 
time it was removed and the sample allowed | 
relax for 1 minute. The distance between 1! 
gage marks was again measured, and from th: 


figure the permanent set was calculated. T! 


results of these physical tests are summarized 
table 5 and shown graphically in figure 5. 
Another interesting conclusion may be dra\ 
from the results. The amount of combined sulf 
in the optimum cures for natural rubber and | 
all of the synthetics, with the exception of GR-\ 
is between 1 and 3 percent (see table 4). Tho 
agrees very well with Peachey’s conclusion that : 


optimum cure is attained in natural rubber by lv 


process when a coefficient of vulcanization of 2 
to 2.5 is attained [6, 7]. The natural rubber a 


all of the synthetic rubbers investigated, with 1! 
exception of GR-I and GR-M, were also vu 
canized to a “leathery” state, and to vuleanizi 
coefficients as high as 3 to 15. At these high 
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ELONGATION, PERCENT 





ELONGATION, PERCENT 
: 2 2 ff SS 


6 
° 


TIME OF EXPOSURE. MINUTES 
Ficvre 5. Elongation at stress of 15 kg/cm? (213 pst) for 
natural rubber samples under different degrees of cure. 


For some of the sarmples the stresses were measured longitudinally and 
others transversely to the direction of passage between the mixing rolls 


degrees of vulcanization there was quite a large 
amount of free sulfur deposited on the surface of 
the rubber. No attempt was made to continue 
a higher degree of vulcanization. St. 
did continue the reaction 


toward 
Reiner [8], however, 
further and claims that hard rubber can be pro- 
duced from natural rubber by this process. 


> 


TABLE 4. Optimum cures from table 3 


Cycles for 
optimum 
eure 


Weight Combined 


I'ype of polymer 
I I increases sulfur 


Percent Percent 
Natural 3. 52 2.31 
GR-A 2. 65 1.14 
Hycar OR-15 p 1. 37 
Hycar OR-25 


Hyear OS-10 


55 
24 
ir OS-20 2 
l 
t-S OS 
12 


». 4 


u 
1 
1 
“ar OS-30 4 . l 
3 
1 


t-I 
t-M 


‘lon parts per hundred parts of polymer. 


IV. Discussion of Results 


As only about 0.2 percent weight increase was 
fected by either of the Peachey process gases 
hlone, it is clearly indicated that there are no ap- 
reciable side reactions whereby one gas might act 
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independently of the other to cause any significant 
increase in weight in the rubber. Therefore it is 
reasonably certain that any appreciable increase in 
weight on the dry basis is caused by a combination 
of the nascent sulfur, which is released by the inter- 
action of the two gases within the specimen, with 
the unsaturated bonds of the rubber, plus any 
free sulfur that the sample is able to hold in 
solution or as a deposit on the surface. This 
reaction of the gases within the rubber samples, in 
addition to forming nascent sulfur, also produces 
water. Although it is quite possible that the 
quantity of moisture present in the samples or in 
the gases may have an effect on the rate of the 
vulcanizing reaction [3] no attempt was made to 
measure this amount because all of the samples 
were subjected to the same general conditions that 
should produce comparative results. 

It is interesting to note that in the initial series 
of tests on natural rubber, as can be seen in figure 
1, a greater quantity of sulfur was taken up when 
the rubber had been compounded with zine oxic 
and stearic acid, but that no further significant 
addition of sulfur was noted when an accelerator 
(mercaptobenzothiazole) and an ultra accelerator 
(zine dimethyldithiocarbamate) were added. Sev- 
eral possible explanations may be suggested. The 
zine oxide and the stearic acid may supply an ac- 
celerating effect that causes more sulfur to com- 
bine with the rubber in a given length of time, in 
effect speeding up the rate of cure. It may also 
be that the sulfur is merely displacing the oxygen 
of the zine oxide to form zine sulfide, which could 
readily account for the additional increase in 
weight. S. J. Peachey [6] believes that com- 
pounded rubber absorbs the gases more readily 
than pure rubber. As this phase was not of pri- 
mary interest to this investigation, this problem 
was not probed deeply enough to ascertain the 
correct’ explanation. However, it is felt that 
these particular accelerators apparently had little 
or no influence on the amount of the sulfur added. 
St. Reiner [8], on the other hand, claims that 
certain organic aceclerators speed up the reaction. 
Whether or not he too used a metallic oxide along 
with the accelerator, as is customary for hot 
curing, and mistakenly attributed the increase in 





rate of the sulfur addition solely to the presence of 


the accelerator is not known. 

In some of the preliminary runs, it was noticed 
that there were variations in the amounts of sulfur 
taken up by the same polymer for a similar num- 
In these 
early runs the polymers may not have been sheeted 


ber of eveles in different series of runs. 


as uniformly in thickness as in the later runs. As 
has already been mentioned, the amount of mois- 
ture present in the polymer may also have affected 
the rate of cure. However, this phase of the 
problem was not studied further, as the sole pur- 
pose of this investigation was merely to learn 
whether or not synthetic rubbers could be vul- 
canized by this method. 

it should be pointed out that Hyvear OS-20 and 
Hvyear OsS-30 cured at approximately the same 
rate, showing that the presence or absence of fatty 
acids in the butadiene-sty rene type polvme rs is 
immaterial as far as the vulcanizing process is 
concerned (see fig. 3 The Hyear OS-10, having 
a higher stvrene content than the Hyear CS-20, 
Hvear OS-30, or the GR-S, must have fewer 
double bonds, and consequently vuleanizes at a 
A and Hyear OR-15 were so 
similar in their rates of cure that the data had to be 


slower rate GR 


plotted as one and the same curve (see fig. 2). 
Hyear OR-25 has a lower acrylonitrile content 
than the Hvear OR—15 and the GR-A, and there- 
fore, beeause of the larger number of double bonds, 
vuleanizes at a greater rate. 

After a large number of eveles GR-I had taken 


up verv little combined sulfur, probably because 


of the presence of relatively few double bonds in 
this polymer. This may explain why so much 
The vuleaniza- 


tion of GR-M, which normally is vuleanized by 


time is required for a good cure. 


the use of metallic oxides rather than of sulfur, 
also behaves differently in the Peachey process. 
Much sulfur was taken up by the GR-M, and even 
combined chemically with it, but an undercure 
was still obtained when over 15 percent of sulfur 
had combined 

By vuleanizing strips of rubber by the Peachey 
process, it was possible to show a very striking 
illustration of the influence that the direction of 
milling has on certain physical properties of the 


vuleanizate. Table 5 and figure 5 show thai a 
of the specimens cut transverse to the diree:io, 
of passage of the rubber between the mill yolk 
have a substantially higher degree of elonga i 
and permanent set than those cut longitudinal | 
the direction of milling when subjected to the san 
relative stress. The shearing action produced | 
the difference in speeds of the two rolls of the m 
partially stretches and aligns the molecules of t| 
rubber. The specimens that are cut and vulea 
ized in the same direction as the partially clongat, 
chains naturally will not stretch as much as thos 
cut at right angles to the already stretched co 
figurations under the same force. 


TARLe 5 Effect of direction of mill ng on stress and s 


These same conclusions are drawn from son 
unpublished experiments performed several vear 
ago by W. H. Smith and F. L. Roth of the Nation 
Bureau of Standards. They stretched a wi 
flat strip of raw rubber and vulcanized it while 
the elongated state by the sulfur chloride metho 
Dumbbell specimens were cut from this vuleaniz 
strip both in the direction of stretch and also 
right angles to it. The specimens that were ¢ 
transverse to the direction of original stretch we 
softer and showed considerably greater values \ 
ultimate elongation and tensile strength. 


The authors are indebted to Eleanor F. Pang 
born for making the many sulfur determination 
necessary for the preparation of the tables giv: 
in this paper. The investigation resulted fro 
an original suggestion by Harry L. Fisher, Offi 
of Rubber Reserve. 
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Measurement of Ozone Over the Organ Mountains, 
New Mexico 


By Ralph Stair 


This paper gives data on the total amount of ozone above the Organ Mountains at 


White Sands Proving Grounds in New Mexico from June 29, to July 4, 1947, as determined 


from ultraviolet measurements by a phototube and filter method. The measurements 


indicate ozone in the stratosphere in amount equivalent to a layer of about 0.21 em thickness 


at normal temperature and pressure, which is in good agreement with determinations by 


others for the same latitude and season of the vear. 


The total ozone value and the solar-energy curve in the region of short ultraviolet 


wavelengths outside the earth’s atmosphere check closely with previous work with the same 


instruments at Mount Evans, Colo., in 1936 and 1938. 


I. Introduction 


The measurements recorded in this paper of the 
tal amount of ozone in the stratosphere by a 
iototube and filter method developed at this 
ureau were made at the request of and under 
be sponsorship of the Naval Research Labora- 
ry as a check upon their methods employed in 
2 rocket experiments at White Sands Proving 
round, New Mex. They were planned as a 
beck on a flight seheduled for July 3, 1947. 
though the V-2 rocket misfired, the phototube 
easurements were carried through as planned 
m June 29 to July 4, inclusive, and the data 
luced in a manner similar to that employed 
the previous work at Mount Evans, Colo., in 
36 and 1938 [1].' 

It is a well-known fact that the total amount of 
one varies from time to time, but at present 
tle is known about any possible relationship 
tween this variation and weather conditions, 
cept in the instance of seasonal variations [2, 6] 
d that different 
riations that are associated with their origin 
movement [3, 8]. Variations in short ultraviolet 
Jar energy emission also produce changes in 
al ozone value that fluctuates from hour to 
ur or from day to day. Such fluctuations may 


types of air masses show 


eures in brackets indicate the literature references at the end of this 


r 


easurement of Ozone 





account for or be associated with “ozone cloud” 
effects [4, 5] observed by other investigators. 

The method employed in this work involves 
the use of titanium phototubes sensitive to 
radiation of 3,400 A 
shorter wavelengths and filters with transmittances 
beginning at 2,900 to 3,100 A and increasing 
with wavelength. Ozone is strongly absorbing 
below about 3,200 A. If one of the phototubes 
is exposed to radiation of a particular spectral 
distribution and intensity, it will give a measurable 
response. If one of the filters is now interposed, 
the response is reduced. The ratio of the response 
with the filter in place to that without it will be 
called the “transmittance”, or “filter trans- 
mittance’’ and will be expressed in percentage.’ 
The transmittance of the filter is independent 
of the radiant flux density but is dependent on 
its spectral distribution. The interposition of 
ozone in sunlight greatly changes its spectral 
distribution in the region to which the phototube 


about (angstroms) and 


is sensitive; hence, changes in the quantity of 
ozone traversed cause changes in the transmit- 
tance subject to observation. If we knew the 

? It is hoped that the term “transmittance” of the filter as defined here, 
which is a function of the sensitivity of the phototube to each wavelength 
as well as the characteristics of the filter, will not be confused with “‘trans- 
mittance” also used in this paper in the ordinary sense, in which it is inde- 
pendent of the receiver beyond the filter. The term holotransmittance 
recently suggested by Van Lear [23] might be used. Certainly there is need 
for some prefix to properly signify this type of ‘transmittance.’ 





spectral distribution of the solar radiation, the 
effect of a specified quantity of ozone on trans- 
mittance of a given filter in combination with a 
given phototube could be calculated or, in reverse, 
the quantity of ozone could be determined from a 
single observed transmittance of the filter. 

The amount of ozone traversed by sunlight that 
reaches the earth’s surface depends on the quantity 
of ozone in the atmosphere and on the direction of 
the light. The second effect will be referred to as 
that of the “‘air mass” and represented by 1/3 
The air mass is nearly proportional to the secant 
of the angle the sun’s ravs make with the earth’s 
surface 

As the sunlight unaffected by ozone is not avail- 
able for direct observation, its spectral distribution 
must be deduced from observations made at the 
earth’s surface. To explain in principle how this 
can be done, it should be pointed out first that 
from any spectral distribution that might be as- 
sumed for sunlight and the observed transmittance 
of a certain combination of filter and phototube, a 
quantity of ozone in the atmosphere may be cal- 
culated. If a simultaneous observation is made 
with another combination of instruments having 
different spectral absorptions and sensitivities, a 
quantity of ozone can likewise be calculated. If 
the instruments have been correctly calibrated and 
if the two values obtained for the ozone do not 
agree, something is wrong with the assumed 
spectral distribution of the sunlight. The correct 
distribution should give the same result for ozone 
with any combination of detecting equipment. 
Also, there is reason to believe that, on the average, 
there is little change in the ozone content of the 
atmosphere with time of day, but because of the 
change of air mass there is a large easily calculated 
change in mass of ozone traversed by the sunlight 
from morning to noon and from noon to evening. 
If, on the average, the changes in the effect 
attributed to ozone correspond to changes in air 
mass without change in the atmospheric content of 
ozone, there is evidence that the spectral distribu- 
tion curve of the sunlight is correct. If, in general, 
the computed ozone content shifts with changing 
air mass, the spectral distribution curve of the 
sunlight may be assumed to be in error. By a 


Only relative values of M will be used. For sunlight outside the earth's 
itmosphere MeO. For vertical sunlight, never available outside the tropics 
Mel Che reader must not confuse this use of the term “air mass” with the 
samme term used to designate air of a particular origin, temperature, or other 
property 
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process of trial and error, approximate spec} 
distribution curves initially assumed have |) 
modified to make all observed data reasona! 
consistent. The unavoidably complicated jp; 
esses employed in this derivation have been 1 
fully explained in reference {1} 

In either the methed employed in this y 
wherein comparisons are made between th 


tive intensities of different spectral regions 


with the photographic or photoelectric met 
wherein two. single wavelengths in the s 
spectrum are isolated and from their relat 
intensities the absorption by ozone and hence 
total amount is calculated, it is impossibl 
separate changes in the spectral quality of s 
radiation from true ozone changes. How 
when the measurements are made at the ear! 
surface, radiated energy of wavelengths sho 
than 3,000 A has little or no effect upon the 
culated results when either method is employ 
as it is almost completely absorbed even for 
air masses on a mountain top. Hence it is beliy 
that changes in solar emission may be negk 
without making a serious error in the detern 
tion of the total amount of ozone 

In an earlier paper [9] it was first pointed o1 
1937 by the author that it should be possib! 
follow the ozone evele through the vear and { 
vear to year by means of phototube and f 
measurements. At that time, suitable means 
methods of accurately calibrating phototubes 
filters for this purpose were not readily availa 
Nevertheless, with an improvised standard sé 
of ultraviolet radiation in the form of a Mazda | 
lamp, a forward step was made in 1939 [1] u 
evaluation of ultraviolet solar radiation data 
tained at Mount Evans, Colorado, in the sum: 
of 1936 and 1938. With the developmen! 
ultraviolet standards in the form of tungsten: 
quartz lamps [10, 11], the problem of accur: 
calibrating ultraviolet: phototubes has been 
measurably simplified. Furthermore, — the 
velopment of the Beekman |'7, 18] and o 
ultraviolet spectrophotometers has made 
sible accurate determinations of filter trans! 
tance within the Huggins ozone absorption reg 
of 2,900 to 3,400 A. 

Recently a preliminary survey was made o! 
possibility of using a recording infrared spect: 
eter to measure the total amount of ozo 
the change in intensity of the absorption ban 
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rons. This method shows some promise, 

ause of temperature and pressure effects 

at this wavelength and because of inter- 

nee of water vapor absorption on days of high 

nidity, it will probably not replace the use of 

»» Huggins band in the ultraviolet. Further- 

ore, difficulties involved in keeping a proper 

age of the sun on the spectrometer-entrant slit 

ble in favor of the simple phototube and filter 
ethod employed in the present investigation. 


II. Phototubes and Filters 


In the work at Sun Augustine pass in the Organ 
ountains, N. Mex., the same two titanium photo- 
bes (Nos. 2 and 6) and the same filters (Corex 
- Nillite; Bartum Flint, 1 mm; and Barium Flint, 
employed as at Mount Evans, 
1936. The relative spectral 
of the phototubes and 


mm) were 
jorado (1] in 
the transmit- 
It is to be 
Died that the relative spectral response of photo- 


: poses 


nee of the filters are given in figure | 


be Ti-2 has remained closely the same as it was 
1936. However, that for phototube Ti-6 has 
bdergone a marked change during the vears so 
at now it is more sensitive to longer wavelengths 
unis the ease for Ti-2. A change of this type 
unimportant so long as it does not occur be- 
een calibration and use of the phototube. 
The original calibration of the relative spectral 
ponse of these phototubes is described in detail 
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Graphs showing the relative spectral response 
the two fitanium phototu v8: also the spectral 


flances of the four filtera. 
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in the previous report [I]. Supplementary cali- 
brations have been made by using the spectro- 
radiometer and standards of continuous spectral 
ultraviolet radiation [10, 11] from time to time. 
A new spectral calibration was made for photo- 
tube Ti-6 following its use in this work. 


III. Ultraviolet Meter 


The phototube current was amplified by means 
of a portable balanced-tube direet current ampli- 
fier and read on a 0 to 15 microampere Weston 
Model 440 meter. 
operated and of such dimensions that it was 


This amplifier was battery- 


easily transported to the Organ Mountain station 
(elevation 5,640 ft) at the San Augustine pass. 
Figure 2 shows this amplifier, and figure 3 an 





Ficure 2 Ultraviolet meter fitantum  phototul and 


phototube mounting. 
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Fieure 3. Electrical ci 


cuil of the ultraviolet meter 


electric circuit of the amplifier. Complete details 
covering the construction and operation of the 
amplifier are given in the previous publication [1]. 
Careful construction of this instrument through 
the use of high-grade parts and nonmicrophonic 
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balanced tubes enabled the operator to obtain 
measurements in strong winds wherein the instru- 
ment was jostled about on its table. 


IV. Method for Evaluating the Amount of 
Ozone 


Using the four filters whose transmittances are 
given in figure 1, measurements were alternately 
made with the two titanium phototubes. The 
total percentage transmittances of these filters 
for sunlight were calculated and plotted as a 
function of air mass (see figs. 5 and 6). 

The determination of the solar air mass as a 
function of standard time at a station is a rather 
detailed operation that must be performed before 
it is possible to interpret the filter-transmittance 
data intelligently. From the yearly issue of the 
American Ephemeris and Nautical Almanac [19], 
the equation of time may be obtained. From the 
longitude of the observing station, a longitude 
time correction is calculated. For San Augustine 
Pass, this correction was about —6 min and 11 
sec (pass longitude 109°32’45’" W). From the 
American Ephemeris and Nautical Almanac for 
1947, the equation of time correction was found 
to be —3 min and 48 see (for July 2). The sum 
of these two corrections is —9 min and 59 see. 
For the other days the hour angle corrections 
ranged from —9 min and 23 see to —10 min and 
21 sec. 

During the period of observations, June 29 to 
July 4, the solar declination ranged from 23°15'23”" 
to 22°54'59’". The latitude of the San Augustine 
Pass is approximately %$2°27'35’" N_ (32.46° 
North). Ball’s altitude tables [20], in 
which true solar altitudes for even degree values 
of latitude are tabulated for hour angle intervals 
of 4 min, a new table for 32.46° was calculated 
These data were plotted using 


. 
From 


by interpolation. 
as ordinate and absissa, true solar altitude and 
solar declination, respectively. From this set 
of curves, true solar altitudes (for 4-min intervals 
throughout the day) were obtained for the solar 
declinations corresponding to the days on which 
observations made. Finally, these true 
solar altitudes translated into solar air 
masses (air mass equals approximately thesecant 
of the sun’s zenith distance) for 4-min intervals 
on the days on which observations were made, 
and plotted as a function of mountain standard 


were 
were 
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time, hour angle correction being made for low 
tude and equation of time. 

In order to obtain a measure of the amoun 
ozone at the time of the observations, a s 
energy curve outside the earth’s atmosphern 


assumed. For this, the curve obtained in } 


Mount Evans work [1] (S. and H. 1936-38) 


employed as an approximation for preliming 
calculations. Starting with this spectral ene, 
curve, and by a process of arithmetical integra‘ 
(using 20 angstroms as a unit) a set of transi 
tance curves for the four filters and two pho 
tubes, as a function of solar air mass was ca! 
lated. For these calculations, the Fabry 
Buisson [15] transmittance coefficients for oz 
and the Rayleigh scattering (atmospheric try 
mittance) coefficients as used by O’Brien |{1¢ 
the reduction of the stratosphere balloon ¢ 
(Erplorer I and 11) have been used. Some of: 
ozone and scattering transmittance curves 
Next, changes were m 
in the original solar curve and recalculations | 
formed between 
slopes of the calculated curves and the obser 
data. Hence by trial and error the shape of 
solar energy curve outside the earth’s atmosp! 


reproduced in figure 4. 


to give closer agreement 


is determined. 

This method is illustrated by an exampl 
table 1, which gives all the steps in the determ 
tion of one point (air mass==1.0) on each of 
calculated (0.20 em) ozone curves for photot 
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TaBLe 1. Method employed in the calculation of ozone values 
This example includes a single set of data for phototube Ti-2 for air mass !M=1.00 and an ozone value of 0.20 cm ntp. 


Seatter- . Ve » Trans- . on Cc a 7 
Relative ing Trans- c — ee Column — Column rrans- ey lrans a Trans- | Column 
nter of wave- | spectral! trans mit- valative photo- 5x 6in- tance |‘ *8in- mit- inte- mit- inte. mit- 7x lM in- 
yth interval energy mit- tance energy tube tegrated Corex tegrated) tance grated tance grated tance tegrated 
, M=0 . 0.2cmOs) yy} po} =Ti-g | TeSPonse D response) Nillite response Ba 1 response Ba-3 | response 
| 
, 2 ; 4 5 6 7 8 9 10 1 12 13 M4 15 
1 
2,000 15 0.350 0. 0001 0.76 0. 324 0.014 
m1) w) 360 ool 0.01 76 0.01 370 039 
40 47 370 006 10 75 Os 420 0.03 070 0.01 
oo 56.5 379 O195 42 73 31 tos 14 100 03 
s0) 58 388 055 1 24 70 87 514 45 132 11 
2 00 58.5 397 106 2 46 6 1. 62 555 oO 165 27 
a) 55.5 Mit 170 3.83 62 2. 37 595 1.41 204 48 0. 003 0.01 
0 52 415 247 5. 33 58 3.09 630 1.95 246 76 O17 05 
“wo 1) 424 340 7. 21 53 3. 82 Hoo 2. 52 203 1.12 035 13 
SU 40.5 433 435 9.32 49 4. 57 ago 3.15 343 57 060 27 
3. 100 44 442 426 11.39 45 5.13 717 3. 68 398 2.04 090 46 
a» 49.5 451 613 13. 68 405 5. 54 742 4.11 457 2. 53 133 74 0. 001 0.01 
0 52 im 6s4 16. 36 360 5.89 763 4.49 514 3.08 1s 1.06 . 008 05 
PT) Hh 469 747 19. 62 320 6. 28 779 4.89 ‘3 3.54 237 1.49 023 14 
A) su 478 800 22. 56 285 6.43 7u3 5.10 HO5 3.89 310 1.99 . 042 27 
1 O00) 4 487 R48 26. 43 245 6.48 807 5. 23 (45 4.18 380 2. 46 075 49 
» 74 408} AS4 32. 45 210 6.81 SIS 5. 57 680 4.63 455 3.10 27 SO 
0 SA SOS 914 40. 62 175 7.11 S30) 5.90 710 5.05 26 3.74 190 1.35 
tw Ot 514 936 45. 22 140 6. 33 S42 5. 33 737 4. 67 5a) 3. 67 2) 1. 58 
sO) W6 523 951 47.75 105 5.01 S50 4. 26 757 3.79 630 3.16 315 1. 58 
3, 3K Os 532 G3 “). 21 O75 3. 77 S857 3. 23 775 2.92 670 253 380 1.43 
a» Ww ‘41 973 §2. 11 045 2.34 SHS 2.02 7¥2 1.85 7038 1.65 440 1.03 
1) 49 “) VSO) 3. 36 23 1.23 S73 1.07 SOS ow 736 0.91 55 0. 62 
60 rr) 559 GS? 54. 62 O10 0. 55 87S 0.48 SIS 45 Tt 42 555 31 
sO) Wy tis W95 55. 95 0038 17 SSB 15 820 14 Tw 13 ooo Ww 
tal AS. RI 66. 06 $8 O5 27. 97 9.82 
Percentage 
trans 
nittance 77.0 5.0 32.6 11.4 
In this table, column 1 gives the center of | mass 1.00, ozone value 0.20 em. Columns 8, 10, 
1 20-A wavelength interval. Column 2 gives 12, and 14 give the spectral transmittance of the 
relative spectral energy distribution assumed four filters and columns 9, 11, 13, and 15 the 
\J—0 that is, outside the earth’s atmosphere. integrated photoelectric responses through the 
olumn 3 are given transmittance values for air four filters, respectively. From the sums of the 
s 1.0 when scattering only is taken into ac- integrated values for the phototube alone and 
od \ 5 
it. Similarly, transmittance values for 0.20 — through the several filters, the calculated filter 
ozone (the ozone curve being calculated) are percentage transmittances are obtained directly 
nin column 4. as ratios. In this case, the four values are 77.0, 
he product of columns 2, 3, and 4 gives column 56.0, 32.6, and 11.4, and are plotted as large cireles 
lich represents, therefore, the relative spectral in figure 5 at air mass 1.00. Other points on the 
"energy curve for air mass 1.00 and 0.20 em same and on other curves for different assumed 
be. In column 6, the relative spectral response amounts of ozone are similarly calculated. 
es (for equal energy) for phototube Ti-2 are Although the preliminary calibrations and eal- 
a. a . 
lh: | A hl _ . z 
ated. The product (column 7) of columns culations for a particular phototube and set of 
«6 gives, consequently, the calculated integral filters are quite complicated, when they are once 
mse of the phototube for solar radiation, air made it is simple from this set of curves to deter- 
urement of Ozone 13 
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Figure 5 Grapl s showing the amount of ozone in the stratosphere, based on observations with titanium photot t 


calculations based on the 1947? Stair solar enerqy curve for air mass, m=O. 


mine the ozone value from measurements with a 
single filter within a few minutes time. This is a 
highly important factor should such measure- 
ments become useful for weather forecasting 
purposes. 


V. Amount of Ozone Over the Organ 
Mountains on June 29 to July 4, 1947 


In figures 5 and 6 are represented the observed 
data and the calculated effects of assumed amounts 
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of ozone above the San Augustine Pass 
Organ Mountains of New Mexico for the per 
June 29 to July 4, 1947. Although the data - 
some seatter, due principally to thin clouds 
haze which at times covered the area of t! 
surrounding the sun, they show distinet ch 
in the total ozone value from day to day 
values for June 29 are near the mean valu 
the measurements, whereas those for July 
2 are higher and those for July 3 and 4 are 





Journal of Resec? 
/ 





ut 
mort 
ntin 
Rocky 
\rizol 
strong 


blowin 


‘easur 


‘I 











this mean value. These changes are no 


associated with air mass changes for this 


i June 29, according to the Weather Bureau 
orts, this area was covered by a layer of cold 
tinental tropical air centered over the lower 


Rocky Mountain regions of New Mexico and 
\rizona. During most of the day a medium 


strong wind (probably 20 to 25 miles an hour) was 


blowing from the west. A quasi-stationary front 





existed in southern Colorado between a_ polar 
maritime air mass and a mass of cold continental 
polar air, which was moving into the northern part 
of the United States from Canada. 

By the following day, June 30, a large mass of 
polar continental air had spread over the northern 
part of the country. 
surface air movement (wind) at White Sands, and 


There was practically no 


the sky was about one-half clouded over through- 
out the day, with clouds over the sun most of the 
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time as would be expected with the air mass front 


moving in from the north. Because of these 
clouds no ozone measurements could be made. 
By the morning of July 1, the mass front had 
passed to the south of White Sands leaving the 
area blanketed with polar continental air at lower 
levels, with some tropical maritime above and 
higher 


continental levels. 


The higher ozone value observed is in agreement 


tropical air at still 


with other observations [2, 6,7] showing greater 
amounts of ozone at higher latitudes or associated 
with polar air masses. A strong wind was blowing 
from the east throughout the day. Except for 
some haze and a few clouds, the sky remained 
relatively clear until late afternoon when it 
rapidly clouded up, giving rise to several thunder 
showers within the area. Early in the evening 
there was a light shower (less than ‘> in.) over the 
San Augustine Pass are: 

On July 2, the atmospheric conditions remained 
about the same as on July 1, except there were 
but few clouds at any time. The wind continued 
from the east. By this time most of the con- 
tinemtal United States was covered by the con- 
tinental air mass that had moved in from Canada. 
However, the San Augustine Pass area was near 
a large mass of tropical maritime air, which was 
over the greater part of Texas and was moving 
to the north and west 

By July 3, 


Pass was probably tropical maritime, with tropical 


the air mass over San Augustine 
continental aloft. There was little wind at the 
cround level, and more clouds in the sky, especially 
of the fracto-cumulus type, as illustrated in the 
photograph (fig. 8), which was made on this day. 
During most of the day these clouds were con- 
tinually forming over the Organ Mountain area. 
Although there was a light wind, the clouds re- 
mained relatively stationary through the process 
of breaking up and reforming. The lower ozone 
value observed on this day is in keeping with the 
probable air mass conditions. 

By July 4, the air mass was no doubt a tropical 
maritime air mass or of similar constitution. 
The wind had practically ceased to blow, and 
the formation of fracto-cumulus clouds so nearly 
measurements 
Low 


covered the mountain area that 
were discontinued about noon of this day. 
values of ozone were to be expected and were 
observed on this day. 

The mean value of ozone when all of these 
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measurements are considered appears to be 02 
and 0.2L em ntp. The data obtained with photo. 
tube Ti-2 indicate the higher value. As {| 
spectral response of ‘this phototube has remain 
constant over the past 12 years following 
original calibration, greater weight should prob. 
ably be given to this highet value. 

In obtainink the mean value of 6.21 em ni 





greatest weight was given to the data for fil) 
Ba-l 


range of greatest sensitivity to ozone changes | 


because its transmittance was within t! 


Furthermore, greater weight was given to {| 
smaller air mass values, as the effects of haz | 
dust, and clouds were less near the noon hou 
most of the days on which the observati 
were made. 

The fact that there is not perfeet agreement | 
the caleulated amount of ozone between 
measurements with the four filters for each of | 
determi: 


The disecrepan 


two phototubes (eight independent 


tions) is not disconcerting. 
are of the order of the errors in the measurement 
of the spectral transmittances of the filters or 

the relative spectral responses of the phototube 
Filters having transmittances less than 30 pere 

or more than 70 percent (for sunlight) should | 

be used for the determination of total ozo 

They are included in this case mainly for th 

value in establishing the spectral solar ener 
curve and are given but little weight in the oz 

determinations. Furthermore, in this cas 

appears that the transmittance of the Ni fil 
is out of agreement with the mean of the ot! 
three filters, indicating that its spectral tran 
mittance may be slightly in error. 


VI. Solar Energy Curve Outside the 
Atmosphere 


In this work it is necessary to know or else | 
culate the relative solar energy curve of the > 
for a number of different air masses. In 
case, one of these is either for air mass=() 
else that curve may be simply calculated. In! 
present work, the curve for the sun outside | 
atmosphere as previously published by Stair : 
Hand [1] was used for preliminary calculation 
However, as data were needed for waveleng 
extending up to 3,400 A, this curve was a 
tarily extended to that wavelength. 

The preliminary calculations of filter transn 
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ndicated that the arbitrary curve in the 
wavelengths was too high relative to the 

at 3,000 to 3,200 A. Hence adjustments 
made until there was reasonable agreement 
seen observed and calculated transmittance 
ies for different air masses for the four filters 
the two phototubes. Calculations made us- 
. solar energy curve obtained by Hulburt [22 
tan altitude of 55 km (above more than 99 per- 
nt of the atmospheric ozone) give an ozone 
alue about 0.015 em greater than the values 
ndicated by the calculations illustrated in figures 
5 and 6. However, the filter transmittance in- 
licated poorer agreement for the shape of this 
olar energy curve than for the one defined by the 


lata of column 2 of table 1. 
Up to this point only the relative shape of the 


Noth- 


ng has been considered that would give it magni- 


olar energy curve has been considered. 


ude in terms of microwatts per square centimeter 
wr unit of wavelength. That step is next. As 
he shape of the curve is defined by the relative 
alues of column 2 of table 1, the magnitude of 
hese values will now be discussed in terms of a 
vavelength unit of 10 A 

First, the calibration of the ultraviolet meter 
total response to a standard of ultraviolet 
adiation will be considered |9, 14, 21]. 
bration constants designated P and G@ for the 


Two eal- 


tandard lamp and for the sun respectively are 


equired. The method of determination of factor 


is given best by the presentation of the actual 
ata of table 2. From this table, factor 7 is 
nnd to be 5.40 for Ti-2 and 6.73 for Ti-6. 

Next, from the relative solar data for some ob- 
erved air mass, factor G is obtained. In the 
resent work the air masses 1.00 and 1.25 were 
mploved, as curves are already calculated for 
ese values (see table 1). 

To obtain factor @ for Ti-2 and air mass 1.00, the 
First take an arbitrary 
avelength interval, for example all wavelengths 
iorter than 3,210 A (see table 1). 
9.96 and is found by adding all the values in 
lumn 5 for the wavelength intervals shorter 
in 3.220 A. Next take the sum of all values in 
This is found to be 85.81. Finally, 
e the ratio of 139.96 to 85.81, which is 1.63 
iwnated factor G. The factor G for M=1.25 


‘btained in a similar manner and found to be 


rocedure is as follows: 
This sum is 
’ 


yumn 7. 
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TABLE 2. 
violet lamp with a Corer D filter; calculation of factor P 


Calibration of phototubes, using standard ultra- 


Factor P=38.48+7.12=5.40 for Ti-2 
Factor P=39.86+5.92=6.73 for Tit 
2 and 5.92 were the observed ultraviolet meter deflections when the 


standard lamp was used as the source of radiation 


Standard 
lamp ' Energy Energy 
om. Relative Relative re} . 
energy times times 
- response, response, 
through Ti-2 ri4 response, response, 
- i-2 i+} aM 
Cx. D i-2 i4 
filter 


Wavelength 


puicm 


1.58. For Ti-6, 
values were 1.45 and 1.39. 
In order to arrive at a value of total response, 


phototube the corresponding 


all the observational data obtained for air masses 
1.02 to 1.30 were plotted and the values read from 
a smooth curve at 1/=1.00 and M=1.25. The 
mean values thus obtained were 16.0 and 12.1 
microamperes for phototube Ti-2, and 14.3 and 
and 11.0 for phototube Ti-6 for air masses f= 1.00 
and MM 
From the above information, the total energy 
may be calculated for the two phototubes for the 
two air masses 1/=1.00 and M=1.25. These 
(The factor 2 entering into each 
equation is an instrument scale factor, U. V. Q. is 
used as a symbol to denote the total radiant flux 
density within the selected spectral region.) 


1.25, respectively. 


were as follows: 


For Ti-2 


U.V.Q. (Ml 


282uw /em-. 


1.00) = 16.0 


U.V.Q. (M 

206uw /em?. 
For Ti-6 

1.00) 


U.V.Q. (M 14.60 


285uw/em*. 


U.V.Q. (M 


21 luw/em?. 





From these the mean values of the total solar 
energy for the two air masses, 1/=1.00 and M= 
1.25, becomes 283 and 209 ww/em? for wavelengths 
shorter than 3,210 A. 

If now the above information is applied to the 
data of table 1, an intensity factor may be found 
which, when multiplied by the relative values of 
solar energy in column 2, will give the absolute 
spectral solar energy outside the earth’s atmos- 
phere. This factor is found as follows (see table 
1). Again take the sum of all values in column 5 
for the same wavelength interval as used before, 
namely shorter than 3,210 A. This value was 
found to be 139.96. For phototube Ti-2 we have 
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Fieure 7 Distribution of energy in the eatreme ultra- 


violet of the solar spectrum, 
The Stair curve is the average of determinations with two phototubes at 
Organ Mountain The 8 & H (Stair 
feterminations at Mount Evans, Colorado with four phototubes 
i black bods 


ind Hand) curve is the average of 


Curves 
on relative seales) are civen for com- 


by other observers and for 


parative purposes 
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282--139.96=2.01 for W=1.00, and similarh 
206-101.59=2.03 for M= 1.25. 
Ti-6 the corresponding data are 285-— 
for \f=1.00, and similarly, 211 
M=1.25. The mean of these four values 
is the intensity factor. 


to be evaluated in terms of a wavelength inter 


2.4 


However, as the data yp 


of 10 A (20 A have been used in the table), tj 


factor becomes 1.02 as a multiplying factor to }y 
applied to the data of column 2 of table 1 to gi 


the solar energy curve outside the earth’s atmo 


phere in microwatts per square centimeter jy 
10-A interval of wavelength. The values thy 
obtained are illustrated in figure 7. 

The 


between the solar curve obtained from this wor 


very close agreement in absolute unis 


For photot ied 
139.96 =? \y 
101.59 =2 08 fy 


and that obtained at Mount Evans ts encouragiy! 


and is much better than was expected. 


that gave values 


the two phototubes 


The fact} 


in clos 


; 


agreement, although one of them had change! 


in both total and spectral response since it we 
employed at Mount Evans, indicates that wi 
careful calibration both relia! 
and practical for the measurement of total ult 
solar radiation. 


this method is 
violet 


VII. Conclusions 


The preliminary calibrations and calculat 
for a particular phototube and filters for a | 
ticular station are complicated, but when the 
are once made it is possible, from a set of curve 
to determine the total ozone value from measi 
ments with a single filter within a few minu' 
It is more efficient and accurate to use a f 
having a total integrated transmittance near ' 
percent, as the transmittance of a filter in | 
range is most sensitive to ozone changes \ 
used with a phototube of the type employe 
this work. Should ozone measurements of 
type become useful for weather forecasting | 
poses, this method appears practical for use a! 
extended group of stations, with calibrations | 
formed at some central station. 

The total amounts of ozone determined for 
San Augustine pass in the Organ Mountains 
in agreement with other determinations for 
same latitude and season of the year. Thu 
lationship between the change in total ozone 
air mass agrees with observations made by ot! 
within the past 10 years. 
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Note on Volume Effect in Coiling Molecules 
By Robert Simha 


An estimate of the magnitude of the interference effect in a coil-like molecule is mede 
by calculating the nearest neighbor density w around a given link as a function of the total 


number of contributing chain units. 


It is shown for instance, that in a chain consisting of 


several hundred units, the first 15 contribute about 75 percent of the total nearest neighbor 


density at distances below the length of a link. 


The plots presented indicate that after 


about the first 20 links, the rate of increase of nearest neighbor density begins to flatten off 
It is also possible to derive the modification of the distribution function of chain-ends in 


real chains for a given form of w. 


The familiar model of a chain molecule currently 
sed consists of an array of links of fixed length, 
king a fixed valence angle with each other, and 
ble to rotate relatively to each other freely or in 

manner restricted by potential barriers. This 
wodel is amenable to the treatment given by 
For 
linear chain of 7 links, it leads to the well-known 
sult for the probability of finding a distance 


ithin an interval r, r+-dr between the two ends: 


p ( 7 )dr ( op ): + exp( = )4xr’dr (1) 


n dealing with the model of a chain molecule 


f fixed valence angle, / is equal to the length of 
link corrected for the valence angle and for 
due to a potential barrier 


stricted rotation 


round each link,’ [2, 3]. Equation 1 holds 
rictly only in the limit ¢ —o. Using exact 
juations for small values of 7 [1], one finds, 


g.. for +=6, pe) =0.017, according to eq 1, 
s compared with the exact value of 0.015. As 
1 correction for restricted rotation amounts to 
anging the effective magnitude of /, it is possi- 
e to replace the actual chain by an effective 
free rotation but consisting of 
“segments” of length /,,->/ [4]. 
From eq 1 we can derive the aggregate proba- 
\ 


lt possessing 


ity .(r)\4erdr of finding the endpoint of any 


<isQN, 


at distances between r and r+dr 


ity 4 


one end of the chain, vz. 


S>, ( 7 ) dr= 


1 


\ , 
f-(r)4ar’dr 
brackets indicate the literature references at the end of this 


lectures presented on various occasions 


on Volume Effect in Coiling Molecules 





Tr Ror [3 r\ dr - 

67 fey. iv7)]| a “) 
Here the sum has been replaced by an integral. 
The function ® is the error integral: 


») : 


| e dr 
0 


?(£) 
\ 7% 


In these considerations, configurations that allow 
different parts of the chain to occupy the same 
volume element are not excluded; in other words, 
It is 
the purpose of this note to present essentially on 


volume effects are not taken into account. 


the basis of results in eq 1 and 2 that constitute a 
zero approximation in respect to the above effect, 
a rough estimate of the magnitudes of the effects 
involved and particularly to examine the extent of 
the relative contributions of the links farther apart 
from a reference link to the volume effect. Let us 
now consider the probability w(r)4ar‘dr of finding 
a nearest neighbor within a spherical shell with its 
center at one end of the chain. For values of r 
smaller than /, this function will be considered as 
a relative measure for the occurrence of interfer- 
ence, although such distances can also be realized 
In the limit of r--0, the 

course, identical with f/f. 


without interference. 
function w becomes, of 
For finite distances, w can be obtained by a slight 
extension of an argument first given by Hertz [5] 
Let f(r)dr represent the number of points in a vol- 
ume element dz, within a spherical shell between 
r, and r,, such that 


J fod: N, 
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Then the 
following relation exists between w and f: 


I ai wp txo'do | = 


where .V is the total number of points. 


w(r)4ar'dr. 
f(p)4arp*dp : 
I (p)Arp'ds (3) 
The validity of this equation can be seen readily. 
neighbor 
-dr (the right-hand side of eq 3) 
equals the probability of finding no nearest neigh- 
bor at a distance smaller than r (the factor in the 


The probability of finding a nearest 
between rand 7 


bracket) multiplied by the probability of one of 
the .V points being confined to a shell between r 
and r+-dr, if the space between ry and r is empty 


(the second factor). Taking into account the 
normalization condition, eq 3 can be transformed 


by suitable differentiation into: 


i Js tep'dp 5(3) 4nr*f ( 1 y) ? 0; 


which has the solution: 


*r , N-—1 
[ | 4rp tip dp 


W A) —°* Vv “fer - | fip)4o'de | 


(4) 


e 2Nn.- 


3N. 
i 


\V2r 


Figure | shows the contributions of links from 
the second to the Nth, inclusive, to the nearest 
neighbor probability w(r)jardr as function of N 


for values of r//=} and 3, 


respectively, calculated 
from the pertinent equations. It can be seen for 
instance that the links from the fifteenth to the 
two hundredth relative to a reference link still 
make a contribution of the order of 25 percent to 
the total effect, although the larger part is of 





In interpreting this result one notes that the fret, 
f on the left indicates the probability of find ng 
point in the volume element in question, an: ¢| 
quantity in the first bracket represents the prob. 
ability of no point being in the volume betwe 
r, andr. This consideration could have been us 
directly to arrive at the expression for w. | 
second equation holds in the limit when 7 is close | 

r, and N is large. 

In applying eq 4 to the problem under considers. B®) 
tion, the distribution ?/f, is 
function f. 
to 6, eq 2 will be used. 


inserted for 4 
For values of v larger than or equ 
For values of v betwe 


uw 


2 and 6, Rayleigh’s [1] exact polynomial expres 





sions will be employed. For this purpose {| : 
| ' MN ee 
function ps( ] ) not given in reference [1] wa 
computed. The details of the calculation will | 
: ow r — -y 
omitted. Setting + ] and r; in If 4 equal to x 2 
one finds GURI 
= ’ r 21 Das fa > w 
5S f(r)Aardr A 1+ gt —er — er ) dr; r<l. (2 — 


The integrations required by eq 4, using eq: 
and 2a and setting r, equal to zero can be read 
performed. 


Integration of eq 2, for insta 


vields: 


» fioertn-|3 «Tal ylSe)-* (du) Hse(ibe)+Se(yide)e yer 


course due to the nearest links. Analogous co 


clusions may be drawn regarding interfere! 
around links in the interior of the chain or / 
shorter chains. In a chain with N=50, 

instance, the first 15 members contribute » 
percent of the total nearest neighbor effect. 

shown, the use of eq 1 for a short chain of six lint 
is really not adequate. However, this equat 


makes the contribution for low N’s larger a 


Journal of Resear’ 








» souimmemeaaal therefore does not alter the conclusion that the 

volume effect does not entirely originate from a 

t] small number of neighboring units in the chain. 
| The segment size in “effective” chains referred to 

eon ia | above would have to be quite large. The correct 
| 








form of w(r) would tend rapidly to zero on ap- 

proaching a critical distance r below J, and would 

assume the form used above for larger distances. 

Therefrom modified expressions for ¥ f,(r) and the 
t | distribution functious p, can be derived by utiliz- 

t| ing the method discussed. 

Nee 








Mary Budge aided in the numerical calculations. 


u {1] Lord Rayleigh, Sci. Papers 6 (Cambridge Univ. 
Press, Cambridge, 1920); S. Chandrasekhar, Rev. 
Mod. Phys. 15, 1 (1943). 

{2] C. Sadron, J. chim. phys. 43, 12 (1946). 

ob _—_— i = as = (3] W. J. Taylor, J. Chem. Phys. 15, 412 (1947). 

Li : N 14] W. Kuhn, Kolloid-Z. 68, 1 (1934). 

[5] P. Hertz, Math. Ann. 67, 387 (1909); G. Jaffé, Phys 
Rev. 58, 968 (1940). 











cure | Contribution to the nearest neighbor density 
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jrr?, designated by 3, Y, around a reference point as 
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Dissociation of SFe, CFs, and SiFs by Electron Impact 
By Vernon H. Dibeler and Fred L. Mohler 


The dissociation by electron impact of SF,, CFy, and SiFy has been studied with a con- 
solidated mass spectrometer. Data are also given on the appearance potentials of various 
ions in the mass spectra and measurements on the isotope abundance of sulfur, carbon, and 
silicon. The observed appearance potentials of the F* ion in SFs and CF,, and the C* ion 
in CF, were found to be lower than the calculated value assuming formation of a positive 


atom ion and a free electron, but nearly equal to the calculated value assuming the formation 


of a positive atom ion and a negative fluorine ion. 
ion in CF, is taken to indicate the formation of these ions by 


SF, ion in SF, and the CF,** 


removal of two F>- ions in the former and possibly an F 


casc. 


I. Introduction 


The results reported in this paper are a part of a 
neral study of the dissociationof volatile fluoro 
Many of these 
mpounds have been useful in isotope abundance 


mpounds by electron impact. 


udies of a number of the elements because of 
weir relatively high vapor pressure and the mono- 
Apparently very 
tle has been published, however, concerning 


topic character of fluorine. 


ye dissociation of such molecules by electron 
ipact except to note in the isotope studies that 
ssociition, rather than formation of the moiec- 
ur ion, is the more probable process. Kusch, 
ustrulid, and Tate, [1],' and Baker and Tate [2] 
ive shown that this is a property shared with 
be chlorides of phosphorous, arsenic, and anti- 
ony, as well as some halogen derivatives of 
ethane namely, CCl, CHBrF,, and CCLF». 
White and Cameron [3] have 
ported the critical potentials of various ions in 
e mass spectrum of UF,;. No value was listed 
r the UF,* ion, presumably because of its very 
V intensity. 


ore recently, 


No information was given as to 
e relative abundance of the various dissociated 
is. In view of considerable interest in these 
mpounds, therefore, we wish to report in detail 
e dissociation patterns for several fluorocom- 
unds as well as the appearance potentials of 
rious ions in the mass spectra. Data are also 
en on the isotope abundance of sulfur, carbon, 


; - ° 
brackets indicate the literature references at the end of this 


sociation of SF,, CF,, and SiF, 





The large relative abundance of the 


ion and a free electron in the latter 


and silicon for purposes of comparison with value 


previously obtained for these elements using 
other types of mass spectrometers and other 
compounds. 
II. Experimental Procedure 
Pertinent details of the Consolidated mass 


spectrometer and the methods used to obtain the 
reported data have been deseribed in detail in 
previous reports [4, 5]. The voltage scale of the 
appearance potential measurements was corrected 
using the observed value of the argon A* 
The mass 
spectra were obtained at ionizing electron energies 
of 50, 70, and 100 volts. 
in each 50-volt spectrum is assigned a value of 
100 percent. 
ing to their abundance relative to the most abund- 
ant ion. 
were made at several different values of ion acceler- 


ion com- 
pared to the spectroscopic value [6]. 


The most abundant ion 
The other ions are evaluated accord- 
The isotope abundance measurements 


ating voltage and of electron energy and current. 
Whenever possible, the ratios were checked using 
different ions in the same mass spectrum. The 
fact that no significant variation in the isotope 
abundance ratios was observed under these condi- 
tions was assumed to indicate minimum diserimi- 
nation in the ion source. 

The SF, was obtained from the high voltage 
laboratory of the Massachusetts Institute of 
Technology and was a portion of a sample sub- 
mitted to the Temperature Measurements Section 
of the Bureau for test purposes. Mass spectro- 
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metric analysis indicated an approximate purity 
of 99 percent with small amounts of ffuorocarbons 
as impurities. It was used without further purifi- 
eation. The CF, was obtained from the Jackson 
laboratory, E. I. du Pont de Nemours Co., and 
used without further purification. 
metric analysis showed a total impurity of about 
2 percent, principally CCIF;, N., and CO,.  Sev- 


Mass spectro- 


eral samples of SiF, were prepared by Howard W. 
Bond * by reacting H,SO, and CaF, in the presence 
These samples were 
ry 

Ihe mass 


of SiO, from various sources. 
also used without further purification. 
purity >99 percent. 


spectrometer indicated a 


The principal impurity was CO,. 
III. Results and Discussion 


Sulfur hexafluoride Table 1 shows the mass 
spectrum of SF, at three different ionizing volt- 
No correction has been made in this or 
following mass spectrum tables for the contribu- 
tion of the ion accelerating field to the electron 
energy. No SF, Its abund- 
ance is estimated to be less than 2/10,000 of the 
abundance of the SF;* ion. The most probable 
dissociation process is loss of one fluorine atom 


In the formation of ions 


nges. 


ion was observed. 


from the molecular ion. 
requiring further dissociation, however, the sub- 
sequent three fluorine atoms from the 
molecular ion is more probable than the loss of 


loss of 


2 atoms. For example, the abundance of the 
SF,* ion is greater than that of the SF,* ion, and 
the SF* ion is more abundant than the SF,* ion. 
The doubly SF*t+, SF,**, 
SF,**, and SF,** The ions F**, 
SF,**, and SF,** were not found and are estimated 
to be less than 0.02 percent of the SF;* peak. It is 
of interest that for 100-volt electrons, the abund- 
ance of the SF,** ion and SF,** ion is greater than 
the abundance of the corresponding singly charged 
The peak at m/e=91.8 is a metastable ion 
that has undergone dissociation after traversing 
It can be ascribed 


charged ions S* 


were observed. 


ions. 


the ion accelerating field |7]. 
to the transition 


If m, is the apparent mass, m, and m,, the initial 
masses, respectively, mg=(m,)?/m, 


91.8. 


and final 
(108)*/127 


2 Now at the National Institute of Health, Bethesda, Maryland 
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TaBLe 1. Mass spectrum of SF, for 50, 70, and (0. 
electrons 
Relative intensitie 
m'€ Ion 
50 volts 70 volts 100 

It > oo o.068 * 
1v k ‘7 3 

2 SFr 0.76 ‘ 
2 s mw uu 

33 s+ 0.06 0.09 

4 27 ‘ 

15 SF)** 1. 36 6.80 

n SF) o10 

vn SFy** O07 

4.5 SF 0. 38 1. 26 

45.5 SF O07 

| SFr SH 11.0 

52 SF oo7 0.09 

3 SF Mw) a) | 

4 SF 10 eo 

54.5 SF,** 009 

. SI 0.23 “4 7s 
70 SF 5.74 6.39 “i 
71 SF oo 0.07 ( 
72 SF2* 27 30 

x” SF 27. 

a”) SF 0.20 0. 26 

| SF 1.22 1. 48 ¢ 
18 SF »SFyt.F 0.21 0. 2¢ 
10s SF * US 1O.8 | 
Th) SI Oo oil 
10 SFy 41 17 
127 SF;* Ww) 113 17 
128 SF, 0.92 114 
129 SF 4. 30 4.89 _ 
31 SF;* 0.04 0.04 OM 


Table 2 lists the appearance potentials of variow 
ions in the mass spectrum of SF,. A comple 


analysis of the appearance potential data is ! 











: i 
possible because of the lack of necessary spectre 


scopic or thermochemical data. However, fro 


the relation 


D(SF;) =Q(SF,) + 3D(F,) + L(s), 


where Q(SF,) is the energy of formation of > 
D(F,) is the dissociation energy of molecular flu 
rine, L(S) is the heat of sublimation of sulfur, «! 
the thermochemical data of Bichowsky and Ke 
sini [8] the energy of dissociation of the proce 
SF,— S+6F, is calculated to be 516 keal/mole 
22.4 electron volts. It follows that the minim 
energy required to produce an S* ion and a fr 
electron will be D(SF,) plus the ionization pot 
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volts) [6] of sulfur (22.4+ 10.3=32.7 

The observed appearance potential of the 
in is 37.3 volts. This is 4.6 volts in excess 
ve calculated minimum energy required to 
an Ss free electron. It ts 


' , 
0.0 


byroduce ion and a 
cluded that the production of S* gives consid- 
ble kinetic energy to the seven dissociation 

ragments; namely 4.6 volts if a free electron is 

emoved. If it is assumed that one of the fluo- 
ine atoms combines with the electron to form an 

I jon in the ionization process, the excess energy 

s inereased to 8.6 volts by the value of the elec- 

ron affinity (4.0 volts) [9] of fluorine. One could 

slso assume that one or two pairs of fluorine atoms 
ombined in the ionization process to form molec- 
ilar fluorine with an energy of 2.7 volts per mole- 

ule of F, 


yrocess In spontaneous dissociation. 


but this seems to be an improbable 


Tante 2. Appearance potentials of various ions in the 
mass spectrum of SF, 
‘i ion Appearance 
we potential 
e 
19 F* &+1 
$2 Ss 7 l 
$ SF 6. 5+0 
" SF l 
4 SF, 10.6 
70 SF; 26.8 
x9 SF 20. 124 
91,8 SF;* SF F 20 l 
108 SFy 18. 9+), 2 
7 St 15.94 .2 
An F* ion could conceivably be found in any 


However the 
ppearance potential of F* (35.8 volts) is higher 
win the appearance potential of any of the poly- 
tomic singly charged ions. 


rocess in which SF, is dissociated. 


This suggests that 
occurs from complete dissociation like the S* 


nm. From the same dissociation process, the 
pinimum energy required to produce an F* ion 
nl a free electron is 22.4+-18.6°=41.0 volts. 


le observed appearance potential of F* (35.8 


its) is insufficient to produce F* and a free 


ectron, The minimum energy required to pro- 
uce an F* and an F>- from SF,, however, is 37.0 
its. The observed value (35.8 volts) is close 


wugh to leave little doubt that this is the actual 
ess involved. 
ble 3 gives the observed isotope abundance of 


Also given in table 3 are the results re- 


sociation of SF,, CF,, and SiF, 


ported by Nier [10] from a study of SO, using a 
The dis- 


is greater than 


specially designed mass spectrometer. 
of the S*® abundance 
the estimated experimental error 
lated from the SF;* ion, the SF, 
ion. 


agreement 
whether caleu- 
ion or the SF,* 
Other ions were not usable because of low 
intensity or interference by the metastable ion or 
doubly charged ions. From the isotopic masses 
listed by Pollard [11] (assuming same packing frac- 
tion for S* and S**) and factor 
1.000275, the authors’ values give a chemical 
weight of 32.065. The accepted value by chemi- 
cal methods is 32.066 [12]. 

Carbon Tetrafluoride.—Table 4 shows the mass 
spectrum of CF, at several energy values of the 
ionizing electrons. 


the conversion 


The most probable dissocia- 
tion process is again the loss of one fluorine atom 
to produce the CF;* ion. The abundance of the 
CF,* ion is estimated to be less than 1/1,000 rela- 
tive to the CF,* ion. 
dance of the CF,* ion is unusual by analogy with 
other halogenated molecules (see, for example, 
[1] and [2], and tables 1 and 7). Doubly charged 


The relatively large abun- 


TABLE 3. Isotope abundance of sulfur 


nie 
32 33 ‘4 i) 
Mean 95.038 0. 76 4.17 0.085 
Average deviation +0), 02 +.01 0.01 +.003 
Nier [10] 95.1 74 4.2 O16 
TABLE 4. Mass spectra of CF, for 50, 70 and 100-volt 
electrons and CH, for 50-volt electrons 
Carbon tetrafluoride Methane 
Relative intensities at Relative 
m/e lon Ion ye 
”) volts 70 volts 100 volts M) volts 
i2 ( 6, 72 1.1 11.0 ( 2.4 
l _ 0. OS 0.11 0.12 
l CF i 1 
iv F* 3.09 ’ S14 H* 2 
2 CFy 1.51 3 11.0 
2h CF 0.06 0.13 
‘1 CF $67 $85 6.17 CH 7.91 
4 CF 24 Ww 
1) CF 124 15.4 15.6 CH, 15.9 
Al C Fy 0.13 O17 0.17 
60 CFy 100 1m 133 CHy* M6 
70 C F;* 1. 16 1. 31 1. 46 CHy 100 
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ions CFt*, CF,**, and CF;** were observed. No 
metastable ions were observed. 
trum of methane is also included in table 4 for 


No doubly charged or metastable 


The mass spec- 


comparison. 
ions are observed in methane. 

Table 5 lists the appearance potentials of vari- 
ous ions in the mass spectrum of CF,. A complete 
analysis of the appearance potential data is im- 
possible due to the lack of sufficient thermochem- 
ical or spectroscopic data. From Bichowsky and 
Rossini [8] the energy of dissociation into atoms 
CF,— C+4F is ealculated to be 458 keal/mole, 
or 19.9 electron volts. The minimum energy re- 
quired to produce a C* ion and a free electron is 
19 9+-11.2°=381.1 volts. The minimum energy to 
and a free electron with complete dissocia- 
1S.6°=38.5 


cive Ft 
tion is 19.94 
appearance potentials of both ions are less than 


volts. The observed 


these values, and it must be assumed that in both 
cases F~ ions are formed in the ionization process 
The process CF, — C* 


F-+-3F requires 31.1—4.0—27.1 volts compared 


and not free electrons. 


to the observed appearance potential of 27.5+1 
The process CF, > C+FT+F- + 2F re- 
$.0=—34.5 volts compared to the ob- 
| volts. 


volts. 
quires 38.5 
served appearance potential of 35.54 
Tarte 3 Appearance pole ntials of various ions in the 


MASS 8 pet trum of ¢ 'F, 


Ion A ppearance 
potential 


The C’/C' 
and the CF,* 
the value of 90+2 reported by Nier and Gulbran- 
son [13], using carbon dioxide from the air. 

Silicon Tetrafluoride. 
spectrum of Sif, for 50, 70, and 100-volt electrons. 


ratio as measured from the CF,* 


ions was 89.9+ 1.7, compared with 


Table 6 shows the mass 


The removal of one fluorine atom to form the 
SiF,* ion is again the most probable process. In 
contrast to SF, and CF,, however, the molecular 
Further dis- 
and Sit follows the gen- 


ion has an appreciable abundance. 
sociation to SiF,*, Sik*, 


eral pattern of halogenated molecules, i. e., the 
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abundance of ions with an odd number of halog 
atoms Is greater than the abundance of those wy 
aneven number. The doubly charged ions iF 
SiF,**, and SiF;** The sik 
more abundant than the sing 
No metastable joy 


were observed. 
ion becomes 
charged ion above 50 volts. 
are observed. 


Mass spectrum of SiF, for 50, 70 and 


electrons 


TABLE 6. 


Relative intensities at 


50) volts 70 volts 


The appearance potentials of several ions it 
mass spectrum of Sif, are given in table 7. 

The relative abundance of the isotopes of sil 
have recently been measured by several inves 
gators. The results of Ney and MeQueen 
Inghram [15], and Williams and Yuster [16), ' 
gether with the authors’ values are given in t 
8. The agreement between the present work 
the previously reported values is within the 
uncertainty. The 


perimental chemical wi 


calculated from the isotopic masses listed by | 
lard [11] is 28.09 compared to the accepted ch 
ical value of 28.06 [12]. 
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|ppearance potentials of several ions in the mass 


spectrum of SiF, 


Appearance 
potential 


TABLE 8. Ts »to pe abundance of silicon 


03 
ou 
25+0. 0S 4 67+0.05 


+. 6S 


IV. Conclusions 


In a few eases in which appearance potentials 
uuld be computed from thermochemical and 
yetroscopic data, it was found that the observed 
pearance potential was considerably less than 
« computed potential required to give an atom 
n and a free electron, but nearly equal to the 
lculated potential required to give a_ positive 
This was 
ion from SF, and CF,, and for the 
ion from CF,. 


om ion and a negative fluorine ion. 
served for F* 
The mass spectra support the 
pothesis that for these molecules, removal of a 
ion rather than an electron is the most probable 
This 
uld also explain the absence of the parent ions 

and CF,*. In the case of SF,, the heaviest 
ubly charged ion is SF,**, which indicates that 


ocess in production of the positive ions. 


0 F~ ions are removed to form the double posi- 
The fact that SF,** is more abun- 
nt than SF,* at 100 volts is not surprising if 


e charge. 


is is the mechanism of ionization. In the case 
CF,, a CF,** ion is observed although the CF,** 


1 iS more abundant. This indicates that it is 


ssible to ionize CF, by removing either two F* 
is or one F 


ion and a free electron. 


The ap- 


ssociation of SF,, CF,, and SiF, 


pearance potentials for these two processes are 
nearly the same. 

In the case of Sik, the molecular ion is observed 
although its abundance is less than 2 percent of 
the SiF;* ion. The appearance potential of the 
former is actually somewhat greater than the 
latter, which again indicates that the SiF;* ion is 
formed by removal of an F~ ion from Sik. 
the Sif,* ion 
arises from the removal of a free electron and a 
fluorine atom. This is the same as removing a 
fluorine atom from the Sif? 
must require work. Therefore, the appearance 
potential of SiF;* must be higher than SiF,* by 
that amount of work unless a negative ‘ion is 


Consider the other possibility; i. e., 


ion, and consequently 


formed in the process, 
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Physical Properties of Electrodeposited Chromium 


By Abner Brenner, Polly Burkhead, and Charles Jennings 


The following properties of chromium, deposited under a wide variety of plating condi- 


tions, have been measured; density, hardness, tensile strength, Young’s modulus of elasticity, 


ductility, electrical resistivity, and stress in the deposit. 


were determined. 


The oxygen and hydrogen content 


The effect of heat treatments up to 1,200° C on certain of these properties 


has been determined, and some work has been done on the properties of chromium-iron 


alloys deposited from modified chromic acid solutions, 


A relation between the hydrogen 


and oxygen content of the deposits has been shown to exist, and the effect of the oxygen con- 


tent on the physieal properties has been studied. 


I. Introduction 


One of the of electrodeposited 


betals is the possibility of producing deposits of a 


advantages 


ven metal with widely different properties by 
This fea- 


ive is even. More important in engineering appli- 


urving the conditions of deposition. 


plions of cleetrodeposits than for their ornamental 
«. The inereased use of plated metal coatings 
ul of electroformed articles during the war led 
ba demand for a more exact knowledge of the 
ivsical properties of deposited metals, as a guide 
the selection of metals to meet specified types 
service 
The original impetus for this study came from 
puttempt to electrodeposit either chromium or 
‘of its alloys in a form that would have some 
tility. Although this aim was not achieved, 
is work led to the study and measurement of 
ese properties of chromium on which little data 
‘re available. 


The great hardness of electrodeposited chro- 


um has been of considerable practical and 
eoretical interest, and consequently most study 
s been devoted to this property in the past. 
w broad investigations of the other properties 
chromium deposits have been made, and the 
‘nd has been to study minutely a few types of 
posits with respect to a given property. In 
is investigation no exhaustive study of any single 
ysical property was made, but several properties 

posits, which were produced under widely 

nt conditions, were determined in order to 


perties of Chromium 
4s * 


correlate the physical properties and the condi- 
tions of depositions; and to establish the range of 
each property. Reference to table 11 will give 
an idea of the great range attainable in the prop- 
erties of chromium deposits. 

In this study the following measurements were 
made on the deposits: Oxygen and hydrogen 
hardness, tensile strength, 
Young’s modulus, ductility, and electrical resis- 
tivity. The effect of heat treatment up to 1,200° 
C on some of these properties was determined, 


content, density, 


In addition, observations were made on the 
cathode current efficiency and on the stress in the 
deposits as plated. Certain factors, such as the 
crystal structure, were not investigated, because 
that subject treated by 


others.' No previous data on either the tensile 


has been adequately 


strength or Young’s modulus were found in the 
literature. 

One result of this study has shown that deposits 
obtained at 85° C 
than the bright deposits at about 50° C, 


and above are much sounder 


II. Plating Solutions and Conditions of 
Deposition 


The specimens employed in these studies were 
deposited from solutions, containing chromic acid 
in concentrations from 50 to 500 g/liter together 


with either (a) sulfate with a weight ratio of 

After this paper was written, a paper Was received from Cloyd A. Snavely 
on the theory of chromium plating. He discusses the mechanism of chro- 
mium plating on the basis of X-ray data and attributes the differences in 


properties of chromium to the formation of hydrides. 


31 





Tarnte 1. Conditions used in chromium deposition 
Cathode 


Temperature Current density Efficien 
cy 


Fluo- 
rice 


g/liter g/liter amp/dm amp ft Perce 
Standard 2 5 , 5 47 Bright 
do 2 5 ¥ 10 95 Frosty 
do . } ) 140 7 | Bright 
che 2 > 5 i. ; 2 Ist) 5 Do 


lo ) ; 5 7 7 Do 


Milky 
Bright. 
Do 
Frosty 
Bright. 


Do 

Do 

Do 
Matte 
Bright. 


Matte 
Do 

Bright 

Milky. 
Dx 


Frosty 
Matte 
Bright 
Do 
Matte 


Milky. 
Do. 
Do. 

Matte, 

Matte 


Do 
I) 
Do. 
ere 
Satin 
eter 
Matte, 
Do 
Spalled 


High SO, 25 n 5 ; ! Matte 
Dilute ‘ 22 ‘ Bright 


do . 
: ’ Do 
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TABLE 1. 


g/liter g/liter g/liter 


20) 


2M) 


Fluoride 
F luoride-4 


do 
Fluoride-5 


tion and plating conditions according to Wright, Hirst, and Riley [39]. 


wrcent of the chromium in the trivalent condition 


Conditions used in chromium deposition 


Continued 


Cathocds 
Efficien 
cy 


mperature Current density Appearance 


amp/dm: impi{t Percent 


20 Is6 15 
40 


Matte. 
Do. 


Matte. 


Do. 


Matte, 


Dark, smooth 


4 solution containing CrOs, 25) g liter, was reduced with oxalic acid to cons 


cimen of chromium received from the U. 8. Bureau of Mines. Deposited from a trivalent solution [22]. 


rO,,SO, from 50 to 100; or (b) fluoride with a 
eight ratio of CrO,./F of from 20 to 200. The 
ange of plating conditions was as follows: Tem- 


to 100° C; current density, 
The principal baths 


‘rature, from 16 
om 5 to 300 amp/dm?. 
ul conditions of operation are listed in table 1. 
The baths were made from a pure grade of com- 
ercial CrOs, the sulfate content of which was 
Required additions of sulfate were 
The sulfate content was 


etermined. 
lded as sulfuric acid. 
vecked by analysis and the CrO, content with a 
hydro- 
iorie acid of a known strength, or as potassium 


drometer. Fluoride was added as 


ioride. Some exploratory studies were made on 
ivalent chromium baths of the type developed 
the United States Bureau of Mines [22]* for 
e electrowinning of chromium, and a few analy- 
s and measurements were made on samples 
ceived from the Bureau of Mines, 
The baths were contained in 6-liter glass eylin- 
s. The anode was a cylinder of chemical lead, 
ich lined the inside of the container. The 
ode tube was supported vertically in the 
ter of the jar. The desired temperature was 


statically controlled to +1°C, and the 


the literature references at the end of this 


perties of Chromium 


solution level was maintained constant. The 
current density was controlled to +5 percent. 
The solutions containing fluorides were also con- 
tained in glass vessels, as it was found that for the 
concentrations employed no appreciable attack of 
the glass occurred. Because both lead and graph- 
ite anodes were rapidly attacked in baths con- 
taining fluoride, platinum anodes were used. 

The cathode efficiencies reported in table 1 were 
determined by depositing chromium on gold rods 
under the same conditions as were used for deposi- 
tion of test specimens. The literature [9] con- 
tains data on the cathode current efficiencies of 
chromium plating solutions for temperatures up to 
65° C. 
at 85° C are not very extensive. 
data are given in figure | for solutions operated at 
85° C and containing either sulfate or fluoride. 
The current efficiency of the dilute sulfate solu- 
tion, containing CrO,, 50 g/liter and SO,, 0.5 
double that of the standard 
The curves for the fluoride solutions are 


However, the data for solutions operated 
For this reason 


g/liter, is about 
solution. 
unusual in that they show maxima at a moderate 
current density. 
limited range of fluoride concentration (from 0.8 
to 2.0 g/liter). 


The maxima occur only for a 


Outside of this range the curves 
resemble those for the sulfate solutions, which 
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Fieure 1. Effect of current density on the cathode effi- 


ciencies of chromium deposition at 85° C, 


Standard, @; dilute 


normally show a continuous increase of current 
efficiency with current density. Wick [36] how- 
ever, reports that at 85° C a maximum efficiency 
is also found for sulfate solutions at a very high 
(It may be noted that a strike 


Was necessary to obtain initial plating from certain 


current density. 


of the flouride sclutions when a low current den- 
sity was used.) 


III. Deposition of Specimens 


For most of the measurements, the chromium 
was deposited on a copper tube, which was then 
dissolved out to leave a tube of chromium. The 
use of a tube has some advantages over a flat 
specimen: (1) A more uniform current density can 
be obtained on a tube, (2) the tubular specimen 
does not distort, when the base metal is dissolved 
away, because the stresses are evenly distributed, 
whereas a thin, flat deposit might curl or warp, 
(3) a thin walled tube can be handled more safely 
than a flat specimen, because it has a shorter 
length of edge. Thin sheets of chromium are 
quite fragile. 

The copper tube used as a base for the chromium 
deposit had an outside diameter of about 5 mm 
(%\_ in.) and a wall thickness of 0.25 mm (0.01 in.). 
The outside of the copper tube was buffed to a 
bright smooth finish with Vienna lime. A suitable 
length, e.g. 20 to 40 em (8 to 16 in.) was flattened 
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at each end and sealed. Stop-off lacquer wy 
applied to the lower end for a distance of a oyt)) 
em and to the top for a distance of about | ¢ 
both above and below the solution level. 

The deposits of chromium varied in thicknes 
from 0.05 to 0.25 mm (0.002 to 0.01 in.), depending 
on the properties to be measured. As the currey!| 
density was slightly higher at each end of the tub! 
than over the remainder of the surface, abow 
1 em of the deposit from each end was discardy 
in preparing the specimens for test. The coppe 
was dissolved from the inside of each tube by 
immersion in dilute nitric acid, or in a solutigg 
containing CrOs, 500 g/liter and sulfurie acid, 4 
g/liter. 

Spectrochemical analyses showed that {| 
chromium deposits contained no more than a fey 


hundredths of a percent of foreign metals. 


IV. Appearance and Structure of Chr 
mium Deposits ; 


Inasmuch as the surface appearance and mi 


structure of chromium have been extensiy a 
studied by previous investigators, and numero 85 
photomicrographs are in the literature, no spec Jron 


work on this phase of the subject was attempt 
and our observations on the structure were i! 


dental. However, a summary of the availa! and 
information on the structure of chromium is gi\ Us 
here as a basis for discussions of its relation | pos 
other properties. e | 
DOVE 
1. Macrostructure ~ 
ilky 
It is difficult to define the appearance of | low 
deposits in words. The terms used in table 1 li OV 
the following meanings: A bright deposit is « the 
that is both bright and smooth; a milky depo | se 
is semibright and smooth; a frosty deposit app ea] 
bright but slightly rough or coarse; a satin depos dey 
is semibright and rough; a matte deposit is ¢ Bri 
and rough; a spalled deposit is one from which bel 
standing, small particles are spontaneously | Tay 
tached, often audibly (fig. 2) er ( 
Bright chromium deposits have been of | se 
most commercial value. The conditions for t! 
production cannot be closely defined, because t! Mp 


involve both temperature and current dens = 
It is customary to specify the conditions in ter 
of “a bright plating range” that shows the lim’4 
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a 
a 
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Picture 3. Inclusions in bright chromium, de posited at 





50° C, and 20 amp dné from a standard bath, 5O0 






Etched with hydrochloric acid 


A, 


Chromium deposit, showing crack formed 
/ ’ f 





au alter dissolving away the copper tube upon which it had . ' 
7 on glee: degeeit diteinal feow the slanted Sah: of afford better protection to steel in salt spray tests 
er 85° C and 80 amp/dm?. B. spalled deposit obtained than the bright deposits because of the absence 
” from a standard bath at 100° C and 80 amp dm of cracks. 
pt The spalled deposits described above (see fig. 
; current density and temperature. In the 2) do not appear to have been mentioned in 
‘lal udard chromium plating solution, containing the literature previously. They are produced at 
vi O,, 250 g/liter, and sulfate 2.5 g/liter, bright relatively low current densities and at tempera- 
“a posits are usually obtained at cathode efficien- tures of 85° C or above, under which conditions 
ss between 8 and 16 percent. At temperatures the current efficiencies are less than 6 percent. 
bove 75° C, it is doubtful if bright deposits can (Table 1; deposits 29, 36, 37, 38). 
obtained, even at high current densities. 
ilky deposits are obtained at cathode efficiencies 
ft low & percent, and frosty or matte deposits 
hh: ove 16 percent. The data in table 1 show that, 
S| the observations are not restricted to the stand- 
pos | solution, there is no close correlation between 
yp ¢ appearance of the deposits and the conditions 
ppos «le position. 
5 Bright chromium contains a network of hairline 
h wks and or inclusions that are visible with low 
\ wnification or oe asionally even to the unaided 
re (fig. 3 As the .emperature of deposition is 
fo sed above 55° C, the deposits contain fewer 
t} and the matte Ceposits obtained at higher 
tl perature may be entirely free from cracks 
ns Some of the matte deposits, however, 
tel onally dev lop meow very large coarse cracks Ficure 4. Structure of chromium. deposited from the 
lit he base metal is stripped from them (fig. 2). dilute bath at 100° C and 80 amp/dm2, ~ 500 
sits Obtained at the higher temperatures Etched with hydrochloric acid 
parc: 
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2. Microstructure 


Chromium deposits are very fine grained. On 
the basis of X-ray data, the bright deposits have 
been estimated to bave grains as small as 107? em 
in diameter. It is generally held that the grain 
size of chromium is too small to be resolved under 
the microscope. Cymboliste [7] showed photo- 
micrographs that he believed to show the presence 
of grains. The authors do not concur with his 
interpretation. In with 
authors have been unable to detect microscopically 


common others, the 
any grain structure in chromium as deposited, 
but have obtained well defined grains in chromium 
annealed in vacuum at 1,400° C. (fig 5). <A 
similar result was obtained by Adcock [2]. In 
this photomicrograph, it will be noticed that the 
inclusions shown in figure 3 have coalesced into 
granular particles (probably of Cr,O,) situated 
Ina preliminary 
with the 
electron microscope, at a magnification of 50,000, 


mainly at the grain boundaries. 
examination of a chromium deposit 


a photomicrograph was obtained showing light 
and dark areas, the meaning of which was not 
interpreted. Figure 6 shows the result obtained 
by transmitting the electron beam through a film 
of chromium about one-millionth inch (0.000025 
mm) thick. 

chromium has a 


Ordinary electrodeposited 


body-centered cubic cell. Several different in- 
vestigators have measured the lattice parameter 


and obtained closely agreeing values of about 


= 


TiS. ANE 
Le AS 


‘ 

’ 

: 
J 


~ 





Figure 5 Grain structure in the de posit of figure 2, after 


annealing at 1,400° C. «4500 


of chromic oxide 


Etched with ! troct c acid Note particles 





Photomicrograph by the _ electromicroscoy 


< 50,000. 


Ficure 6. 


Electron beam transmitted through a film of bright chromiun 
lionth of an inch thick 


2.878 A. 
tion, chromium can be obtained as a hexagons 
close-packed modification [31]. 
shown that the lattice of electrodeposited ch 
mium is 0.3 percent larger than that of annea 
chromium. The interpretation of this expans 
is not clear, as it may result from strains in | 
lattice or from the presence of dissolved hydrog 
or oxygen. The bright deposits have a prefer 
crystal orientation so that one set of the 

planes are parallel to the plane of the depos 
(3, 40]. The condition of dull deposits may raw 
from partially oriented to completely rando 
Hume-Rothery [40] correlated the crystal orice! 

tion of the deposits with their brightness, hardnes 
and stress, but did not discuss the reason for t 
relationships. We do not believe that crys 
orientation is primarily responsible for the ha 
ness or stress in deposited metals, but that 

The ox 


content of deposits, which Hume-Rothery ¢ 


is merely an attendant circumstance. 
not discuss, has a far greater influence on phys 
properties than erysial orientation. 


V. Hydrogen and Oxygen Content 
Chromium Deposits 


Electrodeposited chromium contains app! 
able amounts of hydrogen and oxygen. 1 
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Under certain conditions of depos. 


Wood [88] hw 








ier investigators were interested in deter- 
ing the amount of hydrogen in chromium 
seause of the theory, once prevalent, that the 
srdness was caused by hydrogen. They did 
ery little work on the determination of the oxygen 
wntent of the deposits, although at the present 
me this impurity is considered to have a larger 
fect on the physical properties of electrodeposits. 
















Methods of Determining Hydrogen and Oxygen 


Previous investigators determined the hydrogen 
chromium by heating the deposit to different 
smperatures in a vacuum and noting the increase 
h pressure. Adcock [2] determined the oxide 
ntent of chromium by heating it to 800° C 
h a vacuum, and then dissolving the metal in 
‘drochloric acid. A residue of Cr,O, was left 
iat contained the oxygen originally present in 
x sample. Prior to the heat treatment the 
iromium dissolved completely in acid. 

Most of the data given in table 2 on the hydro- 
nn and oxygen content of chromium were obtained 
the vacuum-fusion method, which has the 


SCO 


ppos: lvantage that the determination of both hydro- 
Pond nm and oxygen can be made on a single sample. 
| has or these measurements the authors are indebted 
chr. H. E. Cleaves of the Metallurgy Division of 
eal is Bureau. Some oxide determinations were 
nsi ade also by Adeock’s method, and the results 
nt ere found to agree well with those of the vacuum- 
rog sion method. 

er The vacuum-fusion method [33] consists in 


ating a sample of chromium, about 0.5 g, in 


posits olten iron at 1,600° C. The iron is contained 
rag a graphite crucible and, hence, is saturated with 
do rbon. The apparatus is highly evacuated. 
ent he hydrogen is given off uncombined and the 
Ines vgen as carbon monoxide. The quantity of 
rt bese gases is determined by noting the decrease 
ys the pressure of the system when they are con- 
ha cutively removed through oxidation’ and ab- 


aut rption. This method is not suitable for measur- 
OX © the amount of hydrogen existing in a deposit 
d mediately after it is withdrawn from the bath, 
vs cause about 3 hours of pumping at room tem- 


rature is required to get the system outgassed 


ore the analysis begins, and during this time 


t 0 me hydrogen may escape from the specimen. 
is evidence, however, to show that chromium 

DI ) hot rapidly lose its hvdrogen at room tem- 
T rature, and that there is no necessity for im- 
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TaBLe 2. Hydrogen and oxygen content of electrodeposited 


chromium 


Volume 
Weight) hydrogen 


De- on Cur- Cath- (per vol- 
pos- rem rent ode § Oxy- Hy- ratio ume Cr.) 
it Bath bera-/ den- | effi- | gen | 4fO- | oxygen ; 
No ture | sity ciency gen | to hy- 
. . , drogen 1 
™ Frees 
tal 
amp; Per- 
C |} dm? cent | wt % | wt % 
1 | Standard 30 5 9 | 0.87 0.029 30 23 0 
3 do w 15 17 57 O65 ” 52 a4 
) do 45 25 17 44 
8 do i) a» 15 0 O46 om) 37 17 
12 do wD SO 22 $5 06 6 45 27 
4 do 0) 200 42 . 062 7 mM) 20 
1s do 65 30 13 22 
19 do Os ") 4 22 033 7 vi 15 
21 do | 65) 100 16 | .22 
22 do 70 40 12 095 
26 do 75 io 13 117 020 i) 16 10 
30 do 85 40 7 O82 
31 do 8&5 0 10 053 
32 do 85 sO 11 O52 014 4 11 y 
33 do SS 12 12 031 
a8 do 100 s00 <4 024 . 130 0.2 12s we 
1% | High SO, AS sO 10 050 O14 4 1 on) 
4! Dilute ™) a» a» “) O35 11 28 8 
42 do 5 2 15 O44 O12 ‘ 10 7 
43 do SS ™) Is 113 O17 7 “4 s 
45 do loo sO s O76 oll 7 ” 5 
ws 6 6UConcen- 
trated MO) wD 49 O42 12 34 9 
Fluoride-1 mM) 0) 25 Al 035 15 28 2 
do aS sO) 7 “4 os4 7 27 
65 Reduced 16 11 22 82 O66 12 3 2 
06 Trivalent a | Os4 lt 27 0 
Avg db s 
* Calculated on basis of oxygen combining with hydrogen in weight ratio 
of 16, i. ¢ aw OH 
b Experiments | and 38 excluded from average 


mediate analysis of the sample. Makariewa and 
Biriihoff [26] found that a specimen of chromium 
that had stood 1% years had virtually the same 
content of hydrogen as one that was analyzed 
immediately. The data in table 3 show that 
specimens B and C, which were analyzed immedi- 
ately after deposition, had about the same hydro- 
gen content as specimens D and £, which had 
been allowed to age a few months. 
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TaBLe 3.—Effects of standing or heating upon the oxygen 


and hydrogen content of electrodeposited chromium 


{All deposits produced in the standard bath at 50° C and 20 amp/dm? 


Oxygen Hydrogen 


Experiment rreatment 


Weight, Weight, Vol- 
‘ Fe ume * 


Copper stripped from chromium 
As deposited, on copper 

As deposited, on steel 

Stood 2 months 


Stood 3 months 


Heated at 200 fc hour 
Heated at 300 hour 
Heated at 350 hour 
Heated at 400 hour 


Heated at 450° C hour 
Heated at So0° ¢ hour 
Heated at 1,.200° C for 1 hour 


* Volume of hydrogen per volume of chromium, 


In some analyses the chromium deposits were 
allowed to remain on the copper tube upon which 
they had been plated; in others the copper was 
dissolved away with nitric or chromic acid. Aec- 
cording to Gernet’s data [13] no hydrogen escapes 
from chromium during solution of the copper. 
The single experiment (A) recorded in table 3 in- 
dicates some loss of hydrogen during this removal 
of copper. 


2. Effect of Temperature and Current Density on 
Hydrogen and Oxygen Content 


The temperature of deposition of chromium 
has the most important effect upon the content 
of oxygen in the deposit, as shown in table 2 
and in figure 7. 
is increased, the percentage of oxygen diminishes 
from 0.87 percent for deposits plated at 30° C 
10° C. 
The hydrogen content of the deposits show less 


As the temperature of deposition 


to about 0.03 percent for deposits at 


regularity, but in general it parallels the oxygen 
content and decreases as the temperature of the 
plating solution is raised. The hydrogen contents 
of the deposits, with one exception, range from 
about 0.06 percent (50 volumes) for specimens 
plated at 50° C to about 0.01 percent (9 volumes) 
for deposits at 100° ©, 
temperature agrees with the findings of Gernet 
[13], but not with those of Makariewa and Birii- 
koff [26] who found an increase in hydrogen for 


This general trend with 


deposits plated between 30° and 60° C at 13 
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wt %) 
: ° 


OXYGEN CONTENT 


SOLUTION TEMPERATI'SE (°C) 


Ficure 7. Effect of temperature of plating bath on 


OL Ue n content of chromium de posits, 
Standard, dilute, @; concentrated, fluoride, 
amp/dm. The effeet of current density on ¢| 
oxygen content of the deposits is surprising! 
slight, inasmuch as one would expect more bas 


material to be included in the deposits at high 


current densities. The deposits obtained 

C, (table 2, deposits 8, 12, and 14) and ; 

C (deposits 18, 19, and 21) show virtually : 
increase in oxide content as the current density 
is raised from 20 to 200 amp/dm. At 85° ( 
over the range of current density from 40 to 12 
amp/dm? (deposits 31 to 33), the oxygen cont 


decreases. 


The hydrogen content of the deposits increase 


moderately with current density, as indicated | 
deposits 8, 12, and 14 prepared at 50° C, a 
42 and 43 prepared at 85° C. This is in gener 
agreement with the results of Makariewa ai 
Biriikoff, who analyzed deposits plated at 4 
C and found that the hydrogen increased fro 
30 volumes to 48 volumes as the current densi! 
increased from 3 to 120 amp/dm*; but the chang 
was slightly between 25 and 120 amp/dm’*. | 
general conclusion from this work, and that 
Gernet [13] is that the hydrogen content, like 
oxygen content of chromium changes only sligh! 
with a several-fold change in current density 
The data in table 2 as a whole show no relat 
between cathode current efficiency and oxygen 
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n content. For example, at a current 
of 15 to 17 


ranging in hydrogen content from 0.01 


percent, deposits can be 


percent and in oxygen content from 0.04 to 
cent. However, if the variables of plating 
we restricted, the content of hydrogen and 
» in the deposit is found to increase with 


This is illustrated by deposits 


WNVE 
current efficiency. 
32, 39, 43, and 55 all plated at a current density 
of SO amp/dm? and a temperature of 85° C but 
As the 


sathode current efficiency rises from 10 to 27 


from solutions of different compositions. 


percent, the hydrogen content increases from 


1.014 percent (11 volumes) to 0.034 percent (27 
and the oxygen content from 0.05 to 
One might have expected a higher 


olumes 
).24 percent. 
wdrogen content at low 
weause a larger excess of hydrogen is produced. 


current — efficiencies, 
The content of hydrogen in deposit 38, table 2, 
sabnormally high. This deposit was one of those 
hat spalled. It seems likely that the spalling is 
the result of a high internal pressure generated by 
he large excess of hydrogen. The phenomenon is 
imilar to the blistering of nickel foil that occurs 
vhen hydrogen is cathodically discharged upon it 


2s). 


Removal of Hydrogen from Chromium by 
Heating 


The evidence cited above, in connection with the 
liseussion of analytical methods, shows that at 
oom temperature hydrogen does not readily leave 
he deposit, but that it readily leaves when the 
leposit is heated. The determination of the 
juantity of hydrogen expelled from chromium at 
arious temperatures has been the subject of 
nvestigations by Guichard [16], Makariewa and 
sirukoff [26], and Gernet [13], all of whom were 
nterested in the relation between hydrogen con- 
ent and hardness of the deposit. In our study of 
he hydrogen content, specimens of chromium were 
‘tled in evacuated tubes and heated, and the 
esidual hydrogen in the deposit was determined 

vacuum fusion method. This latter pro- 
has the disadvantage, as compared to the 
mm extraction method of the other investi- 
that a separate specimen must be used for 
mperature investigated. 
data obtained by the vacuum fusion 
are shown in table 3, and are plotted in 
along with data from the work of Gui- 


es of Chromium 


chard [16] and Makariewa [26]. The main fea- 
tures of the expulsion of hydrogen from chromium 
are that the hydrogen escapes gradually as the 
temperature is raised, until at about 400° C vir- 
tually all of the hydrogen has been removed. It 
is to be noted that only a certain proportion of the 
hydrogen escapes at a given temperature. Hold- 
ing the chromium at a given temperature for an 
indefinite period apparently will not cause a fur- 
ther appreciable loss of hydrogen. Guichard 
heated his specimens for as long as 3 days to obtain 
the maximum removal of hydrogen, but his curve 
is not far different from that of Makariewa and 
our own curve where the heating was only of 1 
hour’s duration. 

Hydrogen is expelled from chromium as the free 
element and not as water. This has been shown 
by analyses of the evolved gas by Makariewa and 
Guichard {26, 16] and by the fact that the oxide 
content of chromium does not change as a result 
of heating. Evidence for the latter is that the 
method of Adcock, which involves heating the 
specimen to a high temperature before analyses, 
gives the same oxide content as the vacuum fusion 


method. The data given in table 3 for specimens 





HYOROGEN REMAINING 


PERCENT 








TEMPERATURE (°C) 
Fictre &, Perce ntage of the initial amount of huyudroge n, 
remaining in chromium after annealing at various tem- 
perature 8. 
rhe curve marked “CryOs” represents the percentage of water remainit 


n hydrous chromic oxide, which initially contained 3 to 5 moleet of wat 
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heated to different temperatures show the same 
oxygen content. 


Taste 4. J1ydrogen and oxygen content of electrodeposited 


metals * 


Deposit Bath type 


hydrogen 


Temperature 

Oxygen 

Hydrogen 

Weight ratio oxygen to 
Total | 

Free > 


| Current density 


' 
| 
} 


C \amp/dm'| wt, wt, % 

Nickel Watts’ pH 5.2 ’ 2) 0.004 0. 0017 
Do Watts’ pH 5.8.| 3 2} 021) ..0060) 
Do High sulfate, : 2) .014 0053 

pH 6.6 | 
Nickel-tungsten Ammoniacal 2 006) 004 | 

so, W). 

Nickel-tungsten do : 2 360) . 042 


Chloride, pH 4 : ; O49) 004 

Cobalt -tungsten Ammoniacal oll 
aa, W tartrate 

“‘obalt - tungsten do 5 4 
(22°, W 

‘obalt - tungsten do 
ist, W 

“obalt - tungsten do 
(25° W) 


Cobalt 


5, 0.165) .014 


‘obalt - tungsten do 
23°, W 
‘obalt - tungsten 
(42° W) 
‘obalt - tungsten do 
(20% W 
Iron Ferrous chlor 
ike 
Ammoniacal 


Ammoniacal 


citrate 


Iron + tungsten 
1) W citrat 
Ave 


® bata in this table taken from a paper on the electrodeposition of tungsten 
illoys now in course of publication 


> Calculated on basis of oxygen combining with hydrogen in weight ratio 


ii, i.e. as OH 


4. Form and Distribution of Hydrogen and Oxygen 
in Electrodeposits 


The form and distribution of the hydrogen and 
oxygen in chromium are subjects for speculation, 
as neither metallographic nor X-ray studies have 
thrown much light on this point. Because the 
role played by these elements is so important in 
determining the properties, not only of chromium, 
but also of other electrodeposits, the subject will 
be discussed in some detail and pertinent data 
concerning other electrodeposits will be introduced. 

The most plausible explanation for the inclusion 
of oxygen in electrodeposits is the formation of 
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basic compounds in the cathode layer, the pli 9 
which is always higher than that of the body 9 
solution. These basic compounds may be adsorbe; 
or deposited as charged colloidal particles, on thy 
cathode where they interfere with grain grow) 
in the same manner as addition agents, and thy 
cause the formation of small crystals, which ay 
characteristic of chromium deposits. From jis 
interference with grain growth, it seems likely thy; 
the basic impurity would be concentrated on tly 
surface of the grains in a finely dispersed form. 
There is not much evidence on the nature of 


the basic compound present in electrolytic chr.f 


mium. The suggestion that the oxygen content 


of chromium comes from plating solution that if 
Adcock foun ff 


no traces of chromates on extracting a depositf 


trapped in cracks is untenable. 


with water. Furthermore, the high-temperatuy 


deposits have no cracks with which to trap soli. : 


tion, and yet they contain oxide. The bes 
evidence on the nature of the oxygen compoun 
in chromium comes from the work of Cohen | 
who isolated films of a material, fro 
chromium deposits by a process of electroly: 
etching. This material came mainly from tly 
eracks and inclusions, but accounted for les 
than a tenth of the oxygen that was proba) 
present in the deposit. The bulk of the bas 
compound, therefore, must be very finely disperse 
but there is no reason to expect that it wou 
differ in composition from the material isolate 
by Cohen, which was found by analyses a! 
X-ray examination to be chromic oxide. It 
very likely a hydrous chromic oxide, Cr,Qy.nl1) 


basic 


as anhydrous chromic oxide is not soluble 
acids, and it is known that chromium deposi: 
dissolve completely in dilute hydrochloric ac 
It may be noted that chromic hydroxide, Cr(Ol! 
does not exist [35]. 

To determine the state in which hydrow 
exten 


exists in chromium requires a more 
examination of the evidence than was necessi 
for oxygen. As hydrogen is given off as 
free element when chromium is heated, most 
the investigators of the hydrogen content 





chromium have tacitiy assumed that all of 0} 
hydrogen was present as the uncombined elemet'| 
This conclusion is contradictory to the idea, 
outlined, that the basic materials that are adsor! 
on the cathode are either hydroxides or hydro) 
oxides. It is unlikely that oxides can separ'| 
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vater solution without carrying along basic 
oups or adsorbed water. The evidence to 
d here indicates that part of the hydrogen 
bined with oxygen in basic compounds, 

nd that the remainder exists as the free element. 


The reasons against the belief that all of the 


ydrogen is present as the free element will be con- 


idered first. Martin [25] has shown that the 
quilibrium solubility of hydrogen in chromium is 
ry small, probably about 0.00001 percent. 
‘herefore, the gas cannot be in true solution in 
he chromium. It might be assumed that all of 
he hydrogen is present in chromium in the same 
ondition that it is present in cathodically treated 
on or nickel (for example between slip planes). 
lowever, if this were the case, most of the hydro- 
en would gradually escape on standing or gentle 
arming, as it does from iron and nickel, whereas 
is still present in chromium after many months. 
The best evidence that the oxygen is combined 
ith part of the hydrogen comes from chemical 
nalyses, which show that a simple relation exists 
etween the amount of hydrogen and oxygen in 
10st electrodeposits. Previously, sufficient data 
n the content of hydrogen and oxygen in electro- 
eposits have not been available in the literature 
) permit drawing conclusions. In addition to the 
ata for chromium in table 2, data are given for a 
ariety of electrodeposits in table 4. 
The data in tables 2 and 4 as a whole show that 
1 weight ratio of oxygen to hydrogen varies from 
to 22, with an average of 10. The average ratio 
S for the chromium deposits and 11 for the 
hers. The majority of deposits have a ratio 
‘tween 8 and 12. It is surprising that the ratio 
wuld be so similar for solutions differing as 
idely in type as hexavalent and trivalent chro- 
ium solutions; moderately acid nickel, cobalt, 
d iron solutions; and ammoniacal alloy solu- 
ms. The range of oxygen content for all of 
bese deposits is from 0.004 to 0.8 percent, a 200- 
variation. The range of hydrogen content 
from 0.001 to 0.06 pereent, which is a 60-fold 
ition. If the oxygen and hydrogen contents 
ntirely unrelated, their ratios might vary 
The relatively small var- 
of the ratio is strong evidence that the 


thousand-fold. 
s combined with the hydrogen in electro- 


uld be of interest to determine the propor- 
free and combined hydrogen in electro- 


operties of Chromium 


deposits, but in general we do not know the com- 
position of the basic inclusions. The ratio of oxy- 
gen to hydrogen could vary from 8 for water, 16 
for OH groups, to 32 for materials such as basic 
chromium chromate. To estimate the upper limit 
of the content of free hydrogen in electrodeposits, 
it will be assumed that the oxygen is combined 
with hydrogen in the weight ratio of 16, and that 
the remainder of the hydrogen is free. On this 
assumption, it is found that the content of free 
hydrogen in electrodeposits other than chromium 
is less than 6 volumes (0.006) and is usually 
less than half of the total hydrogen present. The 
excess of hydrogen in most chromium deposits is 
less than 15 volumes. 

One difficulty vet to be explained is why, on 
heating, all of the hydrogen is expelled from chro- 
mium in the free state, instead of partly as water 
produced by the decomposition of basic material. 
Thermodynamic calculations (made by D. D. 
Wagman of this Bureau) show that water vapor 
will react with chromium or iron at 100° C to vield 
hydrogen, and hence no evolution of water should 
be expected. The ratio of the partial pressures 
of hydrogen to water at 100° C in the presence of 
chromium is 10", and in the presence of iron, 10°, 
which indicates that the formation of hydrogen 
from water by chromium is very greatly favored. 
In this connection, the curve marked ‘Cr,O,”’ in 
figure 8, representing the loss of water from hy- 
drous chromic oxide (containing 3 to 5 molecules 
of water), is of interest. Not only is the curve 
similar in shape to that for the removal of hydro- 
gen from chromium, but the temperature at which 
all the water is driven off is the same as that at 
which all the hydrogen is expelled from chromium 
(about 400°C). This may be only a double coin- 
cidence, but it suggests that the expulsion of hy- 
drogen from chromium on heating involves first 
a liberation of water vapor from the inclusions of 
hydrous chromic oxide. 


VI. Density of Chromium 


The density of electrodeposited chromium has 
been determined previously by a number of in- 
vestigators, but no systematic study has been 
made of the effect of the conditions of deposition 
on the density. The density of chromium is not 
of interest in itselt, but if it can be correlated with 
other properties, it may throw light on the struc- 


4l 





ture of the deposit. The increase in density of 
chromium on heating is of particular interest. 
The density of chromium was measured at 28 
C by the method of loss in weight, using tetra- 
(density 2.96). The density of 
chromium, calculated from the value of its cell 


bromoethane 


parameter, 2.878 A, for a body-centered cube, is 
7.20 ¢em*. The data in table 5 indicate that the 
density of electrodeposited chromium is, with a 


few exceptions, less than that of pure annealed 


T ARLE 5. Lh nsaily of electrode posite d chromium 


Density 


len . » ‘ 
Current Heated 1 


per - | density hour 
ure 


120) 
C 


ampjdm? gicm'® gicm'® g/cm 
ow 7. OS 7.12 
lO Huw 
7.10 


‘12 





varies with the conditions 
deposition, from 6.90 to 7.20 gem*, a ra 


chromium, and 


about 4 percent. 


1. Factors Affecting Density 


The density of a deposit is lowered by a num! 
of factors, such as content of oxygen and hydrog 
The eury 


figure 9 illustrates the increase in density 


eracks and inclusions, and strains. 


chromium as the oxygen content decreases. Fig 
18, b, shows that the density decreases as the | 
rent density israised. As the deposits obtained at; 


lower temperatures have cracks and/or inclusions 


they have a lower density than those deposit 
at elevated temperatures, which are relatiy 
free from these defects. 
ment are the spalled deposits, such as 36 and 
(table 5), which had an abnormally low densi 
as might have been expected from their lack 
soundness. 

Cold-worked metals have a lower density t! 
annealed metals because of internal strain rep 
sented by a distortion of the space lattice. B 
cause electrodeposited metals are, effectively 
a more severely cold-worked state than an ordina 
cold-worked metal, it might be assumed t/ 


their density would be affected. However, | 


effect of cold work on the density of metals « 


quite small [10, p. 137], usually less than 0.1 p 
cent. If the lattice expansion of 0.3 percent 
compared with chromium annealed at 1,500° 


observed by Woods [38] for bright chromi 


Exceptions to this stat. 





DENSITY (Grom?) 








04 
OXYGEN CONTENT (wT? % 
FictrRe 9, Relation between density and oxyqer 
chromium de posits, 


heat treatment, @ 


fluoride 
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attributed to internal strain, this would 
ond to a lowering of the density of chro- 


onlv 0.02 g/cm 


2. Effect of Annealing on Density 


density of chromium increases on anneal- 
s shown in table 5. This change in density 
first observed by Hidnert [15] and Jenicek 


» the form of a contraction of a chromium 


ibe on heating. Jenicek showed, and we have 
mfirmed his observation, that the contraction 
‘chromium occurs uniformly in all directions. 
ecause the dimensional changes are isotropic, 
was found simpler to follow them by measuring 
wv change in density instead of the contraction. 
The change in density on heating is gradual. 
or those deposits that undergo a large change in 
nsitvy on heating, most of the change occurs 
Jow 450° C. This indicates that the expulsion 
the hydrogen must be responsible for a large 
ut, but not necessarily all, of the increase in 
nsitv. The density of most 
inealing at 1,200 
v value for pure chromium. 


deposits after 
C is still below 7.20 g/cm 

However, if a 
rection is made for the presence of Cr,Q, (last 


umn of table 5) the density of chromium is 
und to be between 7.18 and 7.20 g/em*.  Ap- 
urently at 1,200° C most of the cracks and defects 


chromium are eliminated by sintering. 


VII. Hardness of Chromium Deposits 


Hardness is the physical property of chromium 
most practical importance. It has, therefore, 
en the subject of considerable study, not only 
beause of this, but also because of the theoretical 
terest in the great difference in hardness between 
trolytic and cast chromium. If the hardness 
chromium is correlated with other properties, 
may serve to define the general character of a 
posit 

The hardness of chromium was measured on a 
lished cross section of a deposit plated on a 
The thickness of the deposit varied 
m 0.075 to 0.25 mm (0.003 to 0.01 in.). <A few 


ck measurements showed that the same hard- 


Der tube. 


is obtained on the cross section as on the 
parallel to the cathode. The hardness was 
ed with a Knoop diamond indenter, using 


»p to 500 g. Most of these measurements 


perties of Chromium 


were made by Irene C 
Division of this Bureau. 

The data in table 6 show that the hardness of 
chromium may vary from 300 Knoop to 1,000 


Minor of the Metallurgy 


Knoop, depending on the conditions of deposition. 
In comparison, the hardness of cast chromium has 
been given as ranging from 70 Brinell to 130 


Brinell. 
y ABLE 6 Hardness of electrode posited chromium 


remper- Current 
iture density 


amp/dm? Knoop 
1 Standard : 5 Wass 
2 do th) 
do 15 


High SO, 


Dilute 
do 
do 
do 


Concentrated 


Fluoride 











TasLe 6, Hardness of electrodeposited chromium—Con, lower limit to the hardness at each tempergty 



































vue eee meenenees - — but not an upper limit. Almost as hard a depos 
posit Bath ee | can be obtained at 70° C as at 50° C, but stich hy» . 
N . “ - ’ “ . . . 
— ‘ Pres deposits are not obtainable at still more cleyy 
°C, |amp/dm?| Knoop temperatures, 
- wes 50 — = If the deposits obtained from the “standa 
% do SS a» 7 - a , 
4 do 85 "0 K36 plating solution are considered, more  speciif 
5 “= 85 60 ps effects of temperature and current density on ha ' 
63 uoride-5 5 "© 5 a ae? . 
ness are apparent. This is shown by the curves - 
figure 10, b. Cymboliste [7], and Hume-Rothefi 
 ~=©Trivalent 710 ~- . . = 
and Wylie [40] have also studied the effect of taf 3 
_ . - 
perature and current density on the hardness of z 
deposits from the standard solution. Cur = 
1. Effect of Temperature and Current leposits— ips Cur 
Density from their papers are shown in figures 11 and (! 2 
and they show that at a given current density jw 
; , ; : « 
In general softer deposits are obtained at low hardness of the deposit reaches a maximum a 2 
current densities and at elevated temperatures: certain temperature. If the conditions of platiy 
This simple statement will require considerable — were to the left of the maximum, then an incre 
modification and restriction in the light of the of temperature would result in a harder depos 
following discussion. and an increase of current density in a soft 
At a given temperature, deposits of a con- deposit. These effects are opposite to the genw 
siderable range of hardness can be obtained by a trends mentioned at the start of this discuss 
suitable choice of both composition and plating © Cymboliste and Hume-Rothery differ as to | 
conditions. Thus at 65° C, the hardness may vary temperature at which the maximum hardn: 
from 600 to 825 Knoop. (Table6,deposits 16and occurs. Cymboliste’s curves show the maxinu 
20). However, if the optimum conditions for pro- to be at 50° C for all current densities, when 
ducing soft deposits are selected for each tempera- Hume-Rothery’s reports show that the maxim GURI 
ture, a softer deposit can be obtained at an elevated is at a different temperature for each cum temp 
temperature than at a lower temperature. As density. Our data in figure 10, b, confirm the fq”? 
shown in figure 10, there is a fairly well defined servations of Cymboliste, i. e., the curve represe qe 
‘ 7 - ir th 
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Figure 10. Hardness of electrodeposited chromium. 
a, Effect of temperature of deposition on hardness of chromium; 6, effect of current density on the hardness of chromium, deposited from the st ' ’ 
¢, relation between hardness and oxygen content of chromium deposits— standard, ©; dilute, @; fluoride, A 
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cure 11. Cymboliste’s data [7], showing the effect of 


temperature of deposition on the hardness of chromium 
de p sils, 


1s on the curves are in amp/dm?. 


g the hardness of the 50° C deposits, is above the 
rves for the deposits plated at other tem- 
ratures, 
It will be noted from figure 10, b, that the curves 
hardness plotted against current density do not 
ow the maxima characteristic of figures 11 and 
in which hardness is plotted against temper- 
ure. The trend of hardness with current density 
downward at 50° C and upward at more 
vated temperatures. It is likely that all the 
if the 
servations were extended to very high current 


rves would show the downward trend 


hsities, 


2. Effect of Composition of Bath 


As compared with temperature and current 
the composition of the plating solution 
s only a minor effect of the hardness of deposits. 

liste found that softer deposits are obtained 


' lutions high in chromic acid. Our data do 


sity, 


perties of Chromium 
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Ficure 12. Hume-Rothery’s data, showing the effect of 


le m perature of de position on the hardness of chromium 
deposits. 


O, 1,750 amp/ft?; O, 1,000 amp/ft?; A, 500 amp/ftv. 


not indicate any such definite trend. In deposits 
8 and 48 (table 6), the deposits from the stronger 
solution is softer, but a comparison of 29, 32, and 
37, respectively, with 42, 43, and 45 shows that 
the change is eitber slight or in the opposite 
direction. The data on deposits from solutions 
containing fluorides indicate that these deposits 
may be harder than those from the sulfate solu- 
tions. (Compare deposits 29, 30, 31, and 32 with 
53, 54, 50a, and 55, respectively). 


3. Effect of Heat Treatment of Chromium 


Chromium softens on annealing at bigh temper- 
atures. Several investigators have shown that 
chromium does not begin to soften until the 
temperature of annealing is carried above 400° C, 
The curves in figure 13 show that the hardness of 
all types of deposits drops to 200 to 250 Knoop 
after annealing at 1,200° C for 1 hour. 


4. Relation Between Hardness and Oxygen 
Content 


The oxygen content of chromium is one of the 
most important factors affecting its hardness. 
The data illustrated in figure 10, ¢, (for all types of 
deposits) show a definite trend of hardness with 


oxygen content, but no very precise relationship, 
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Fieure 13. 


Effect of the te mperature of annealing on the 


hardness of chromium deposits. 


as other factors besides oxygen content influence 
the hardness. According to figure 10, ¢, if the 
oxygen content of the deposit is above 0.12. per- 
cent, the deposits have a bardness ranging from 
650 to 1,000 Knoop, and if below 0.12 percent the 
hardness ranges from 625 down to 325 Knoop. It 
is to be noted that deposits having about the same 
oxygen content may vary 200 points or more in 
hardness. 


5. Cause of the Hardness of Chromium 


The cause of the great hardness of electro- 
deposited chromium, as compared with cast chro- 
been the subject of considerable 
speculation and study. At one time it was 
believed that the hardness of chromium was 


the presence of hydrogen, but this 


mium, has 


caused by 
explanation is no longer tenable for several rea- 
The work of Guichard and of Makariewa 
is perhaps the most conclusive, as they showed 
that virtually all of the hydrogen can be removed 
from chromium at a temperature of 400° C with- 
out the chromium showing any appreciable sof- 
13). Furthermore, no relation 


sons. 


tening (see fig. 
was found between the hydrogen content of a 
chromium deposit and its hardness. An attempt 
has been made recently to revive the hydrogen 
theory in another form. It is suggested that dur- 
ing deposition, hydrogen enters the chromium 
lattice and then escapes, leaving the latter in a 
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state of strain that results in increased | irdnes 


On this basis, the hardness of chromium js to 
attributed, not to the hydrogen that is pres 
but to the hydrogen that has escaped. ‘The 
no direct evidence to support this view. ( 


dron and Moreau [5] found a relatively sly 
f 


hardening of iron on cathodically charging it y 
hydrogen; hence, it is not likely that the sty 
produced in this way could explain the 
hardness of chromium. 

Hume-Rothery found a correlation between 
hardness of chromium deposits and their deg 
According to him 
brightest deposits are also the hardest and hay 


of erystal orientation. 


preferred crystal orientation, whereas the ma 
deposits have a random orientation and 


softer. However, as he does not show why a 


ferred orientation should cause a high hardnes 


it is difficult to explain the hardness of chrom 
on this basis. 

The hardness of chromium is_ probably 
result of three factors: oxide inclusions, si 
grain size, and internal stress, of which the fis 
two factors are probably the most importa 


The effect of small grain size and internal str 


in increasing the hardness of a metal is well kn 
in general metallurgical practice, but not o 
pletely Chromium 
been shown by X-ray studies to have a s 


understood. deposits | 
grain size and a high internal stress. The | 
that chromium does not soften appreciably w 
annealed at relatively high temperatures indic: 
that the internal stress is not an important fact 
in its hardness, because the effects of an int 

strain, such as are produced by cold-work 

usually removed by annealing at a relativel 

temperature. 

The idea that oxide inclusions were respons 
for the hardness of electrodeposits was first brow 
out by MacNaughton [23], but, the mann 
which the inclusions produce hardening was 
Nonmetallic inclusions in a metal 
Desch {8 


made the suggestion, without any further ela! 


discussed. 


not necessarily cause hardening. 


tion, that the oxide inclusions in electrodepe 
produce hardening in the same manner as | 
precipitated material does in an age-harde! 
alloy. In precipitation-hardening, a second phi 
consisting of microscopic or even submicrose 
particles, precipitates at the grain boundaries # 
between the slip planes and causes hardening 
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ng in some manner with the motion of the 
anes. The precipitated material must be 
t in sufficient quantity and be of a certain 
| size: if too coarse or too fine, an increased 
ess does not develop. The phenomena of 


pitation-hardening may explain how the oxide 


ontent of chromium affects its hardness. If the 
vide is in a suitably fine degree of dispersion, as 
bust be the case in the bright deposits, it inter- 
eres with the movement of slip planes and_pro- 


wes a high hardness. If the oxide is in a coarse 
ispersion, as in a burnt deposit, the hardness 
ill be low, even though the oxide content may 
Hence, a simple precise relation between 
As an 


be high. 
xide content and hardness does not exist. 
sample, the chromium-iron alloy deposits in 
able 10 have a very high oxygen content but are 
datively soft. 

The effects of heat treatment on the hardness 
f chromium can also be explained on the basis of 
recipitation-hardening. To the extent that the 
recipitated material is resistant to agglomeration, 
ge-hardened alloys maintain better their hardness 

elevated temperatures and show a higher re- 
rystallization temperature [30]. The oxide dis- 
ersion in chromium seems to be stable, as it is 
.200 
C that the oxide can be seen under the 


nly in specimens that have been heated to 
1.400 
icroscope. The softness of chromium that has 
1,.200° C 
rglomeration of the oxide into coarse particles 


«wn heated to is explained by the 
iy. 5), in which condition they no longer interfere 


ith slip planes. 
6. Machinable Chromium 


The production of a machinable chromium plate 
av be of interest for special commercial applica- 
ms. Gardam [12] described a plating solution 
dat would vield a soft chromium of this type 
Vickers. It 
type chromium plating 


ving a hardness of about 350 


nsisted of a standard 
lution to whieh iron, aluminum, or chromium 
1 been added, as oxides, to the extent of about 
»y liter, for the purpose of improving the cathode 
brrent 


The deposit was plated at 


We have found that an 


efficieney. 
DP (and 20 amp/dm_ 
obtained from a 


soft deposit may be 


upler plating solution, containing only CrOs, 
peitter; and SO,, 0.5 g/liter (table 1; 
Furthermore, the cathode current efficiency 
solution, at 85° C 


deposit 


and 20 amp dm? is 15 


rties of Chromium 


is 4 


percent, as compared with 8 percent for Gardam’s 
solution. 

A drill rod was plated with chromium from the 
dilute solution, and the coating was machined 
with an ordinary high-speed tool. It machined 
readily, although some dulling of the tool took 
place, and there was a tendency for the chromium 
to chip. The same chromium deposit, when 
annealed at 600° C for an hour, machined more 
easily, but the deposit was cracked as a result of 
the heat treatment. 


VIII. Tensile Strength, and Young's Modu- 
lus of Elasticity 


l. General 


A knowledge of the mechanical properties of 
chromium might enable one to decide upon the 
applicability of chromium for a given engineering 
use. For example, information on the tensile 
strength and Young's modulus of elasticity would 
enable one to calculate the extent to which a 
plated article could be bent or flexed without 
cracking the coating. As will be shown, measure- 
ment of the mechanical properties of the as- 
deposited metal does not yield the true physical 
constants, but values that are dependent on the 
Such measurements 
may give an indication of the relative soundness 
of different types of deposits. 

A survey of the literature showed no previous 


soundness of the material. 


measurements of the tensile strength or modulus of 
chromium. The measurement of these properties 
is difficult, as chromium is very brittle and cannot 
be gripped readily in a testing machine without 
cracking. The specimens 
with standard dimensions would involve the plat- 


preparation of test 


ing of very thick deposits, which would require an 
inordinate period of time. Subsequent machining 
would be required, which is quite difficult” to 
perform because of the hardness and brittleness of 
chromium. To expedite the preparation and 
testing of chromium deposits, test samples were 
therefore made from tubes, prepared in the manner 


described above. 


2. Test Specimens and Methods of Measurement 
(a) Tensile Strength 

Because of their brittleness, the chromium tubes 

could not be directly gripped in the jaws of a test- 


ing machine. Grips were provided by attaching a 
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Ficure 14. A, Chromium tube provided with wire strain 
gages for determination of Young’s modulus of elasticity. 
B, Chromium tube prepared for tensile test, and adapters 
used for mounting specimen in tensile machine; C, speci- 
men broken in tensile test. 


steel rod to each end of the tube. This was 
accomplished by inserting a closely fitting steel 
rod for a short distance into the end of the chrom- 
ium tube and then “cold-welding” the rod to the 
chromium by electro depositing copper over the 
juncture of the rod and the chromium. The mid- 
section of the test specimen was protected with 
“stop-off” lacquer during the plating procedure. 
The plating procedure included use of a nickel 
strike (Wood's nickel strike: NiCh.6H,O, 240 
g/liter; HCI, (cone.) 120 ml/liter; current density =5 
amp/dm*) to produce an adherent nickel coating 
on chromium, followed by deposition of a thick 
deposit of copper in an acid bath. 
used to produce a tapered copper deposit. A 


Guards were 
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thick nickel deposit could not be used for “¢olj. 
welding’’, because the stress in it broke the ends of 
the chromium tube. 

The specimen was held in an adaptor by meay 
of a pin that passed through a hole near the end 9 
the inserted steel rod. To promote proper alin 
ment of the specimen for uniform distribution of! 
force, the adapter was jointed so as to turn readily | 
in any direction. The adapter was held by tly 
grips of a 600-lb Amsler testing machine. T\y! 
length of tube subjected to tensile stress was aboy 
1.5 to 2 em (0.5 to 0.8 in.), or about 3 to 4 times th q 
diameter of the tube. A test specimen and th 
adaptor are shown in figure 14. , 

In some preliminary experiments, an attempt] 
was made to determine the mechanical propertia | 
of chromium by plating it on a standard steel ter | 
sile specimen and observing it while stress we 
applied. This method was unsatisfactory becaus | 
the moment at which the chromium cracked | 
could not be ascertained even though the method! 
of detecting cracks by means of copper depositin? 
was used. 

(b) Modulus 

In engineering and metallurgical practi 
Young’s modulus of elasticity is conveniently dr 
termined by measuring the extension of a spec: 


men while tension is applied. Some machine tior 





have a mechanical device for directly measure Be m 
the extension, but usually some form of str min 
gage that may be mechanical, electrical or opi. BRMlect 
cal, is attached to the sample. This procedu Wee 
could ‘not be applied readily to the tensile te met 
specimen described in the previous section, \« re 
cause the chromium tube was not strong enou) Bppe « 
to support the weight of most types of stm diar 
gages. An optical method [11] that involved ¢! 5m 
observation of a pair of extensometers with: wee 
microscope (in the manner used for measur re al 
creep of metals) was tried, but was not sensi! ‘oul 
enough. A few tests were made with an clectr SS | 
strain gage, as described below but this meth bsion 
was somewhat cumbersome and required the w @ 
of highly specialized equipment. 

The method that was most satisfactory fo ter 


tubular specimen, involved the measuremen! 
the deflection of the midpoint of a tube that we 
supported horizontally at the two ends and w® 
loaded at the center. The only special equ? 
ment required was a low power microscope 
Brinell microscope was used) to measure the 
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uRE 15. Apparatus used for the determination of 
Young’s modulus of elasticity. 
‘tion. The apparatus is shown in figure 15. 


be measurements that are required for the de- 
mination of the modulus are: Weight of load, 
tube, length of 
tween the supports, and the inner and outer 
bmeters of the tube. A deflection sufficiently 
ge to be read easily with the Brinell micro- 


flection of center of tube 


bpe could be obtained with a tube 5 mm (%¢ in.) 
diameter, having a wall thickness of not over 
5mm (0.01 in.), and a length of 13 em (5 in.) 
tween supports. The maximum 
re about 2.500 g (5 Ib.). 


oung’s modulus, £, is defined as the ratio of 


loads used 


vss to strain when a material is subjected to 
bsion within its elastic limit: 
stress 
strain 
tensile pull per unit area of cross section. 
extension per unit length 


modulus is calculated from the measurements 
flexure of a tube by the following formula: 
_ 4Par 
376 (dt di)’ 


E 


erties of Chromium 


where 
E-= Young’s modulus in |b/in.’, 
5=deflection in inches, 
P=lJoad in pounds, 
L=length of specimen in inches, 
d,=outer diameter of tube, 
d,=inner diameter of tube. 

For this formula to hold the strain must be less 
than 0.2 percent. 

The measurement of the inner and outer diame- 
ters of the tube have the largest effect on the 
accuracy of the modulus, as these quantities enter 
into the equation to the fourth power, and any 
error is correspondingly magnified. High uni- 
formity of wall thickness was difficult to obtain. 
For this reason the reported values can be con- 
sidered accurate to within only about 5 percent, 
which is sufficient to compare the moduli of 
different types of chromium deposits. Before 
being used on chromium deposits, this method 
was checked by measurements on a steel tube 
of known modulus. 

With the assistance of A. E. McPherson, of the 
Engineering Mechanics Section of this Bureau, 
a check was made on a few chromium deposits, 
using a wire strain gage, which operates on the 
principle that the electrical resistance of a wire 
changes when it is subjected to tension. Two 
wire strain gages were cemented to opposite sides 
of a chromium tube that had been prepared as for 
a tensile test. The tube was then subjected to 
tension in an Amsler machine, and the two gage 
readings were taken. Observed differences in the 
two gage readings indicated that the stress was 
not equal throughout the specimen, probably 
because of imperfect alinement, but the average 
of the two readings was a valid measure of the 
The first gage tried was a 
The results were 


extension of the tube. 
Baldwin wire-gauze, type A-7. 
erratic, varving by +10 percent from the average, 
because of the curvature of the gage when wrapped 
around the tube. A single-wire gage, type A-12—4 
was found satisfactory and gave results that agreed 
within a few percent with those obtained by flex- 
ure. A specimen carrying two of these strain 
gages is shown in figure 14. 


3. Results of Measurements 


The data (table 7) show that the tensile strength 
and modulus of chromium, as deposited, vary 
considerably with the conditions of deposition. 
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btained on deposits made at 85° C 








TABLE &. Effect of heat treatment on modulus and tensile stre ngth of electrode posite d chramium 
Modulus rensile strength 
Temper- | Current — a . as 
Bath ature density Pan Heated | hour at cia Heated 1 hour at 
posited posited 
Hoo Cc soo Ie C Hor Cc sor Cc 120 ¢ 
( amp/dm? lb/in.? lbjin.* thiin2 thiin lbjin 2 thiin2 thin? 
Standard ww 2 16 22x 106 x10 6 115x108 19X10 # 41X10 4 577x103 
do 85 sO 33 35 70 
Dilute &5 2 2s 44 49 2 
do SS sO i2 i cn ty 
, do 100 oT) 32 35 43 
Fluoride-1 Mw 0) » 29x 106 37 uw ») 2 
do a5 2 30 $1 70 
do SS sO Pi) 29 12 25 
Fluoride-3 S5 20 $1 4s 70 
he tensile strength varies from about 15,000 The increase in tensile strength and modulus 
80,000 Ib/in.? and Young’s modulus from on heating is further evidence that the values 


10° to 3310° lb/in2 The values are some- 
hat erratic and do pot show any well defined 
end, except that the higher values of both were 
or above 
ig. 16). 

The data in table 8 show that the modulus and 
pnsile strength of chromium deposits increase on 
ating. The increase in tensile strength of 
posits produced at 50° C is about fourfold, but 
ye increase in modulus is not as large. 

These results on modulus and tensile strength 
n best be interpreted on the assumption that 
vey do not represent the true values of these 
operties, but that they are, “‘effective’’ values, 
hich are dependent on, and hence a measure of, 
ve soundness of the deposits. The presence of 
acks and inclusions in the deposits, or pits and 
xlules on the surface, causes low results and the 
The 


posits produced at elevated temperatures are 


ck of consistency in the measurements. 


bunder and hence give higher values of mechani- 
| properties. The values of tensile strength 
e more erratic than those of modulus, which is 
» be expected, as in stressing a material to the 
eaking point, a single defect can result in a 
Pncentration of stress sufficient to prematurely 
ucture the deposit. The situation is very similar 
that encountered in measuring the properties 

brittle substance, such as glass [29; p. 320]; 

) relable measurements of tensile strength can 
> obtained, because the values are so dependent 
presence of flaws on the surface, although 
lulus can be measured readily [29; p. 300). 


rties of Chromium 


obtained on chromium as deposited cannot be 
considered characteristic of the metal. In general 
when the metals are soit annealed, the tensile 
strength decreases [10; p. 134]; which is opposite 
to the effect observed here. The increase in 
Young’s modulus was much greater than generally 


obtained in metals. Higher values of these 
mechanical properties of chromium on _heat- 
treated specimens may be attributed to the 


increase in soundness of the metal. 

In figure 16b, the modulus is plotted against 
the density. The reason for selecting the density 
as the dependent variable is that it can be con- 
sidered a measure of the soundness of the deposit. 
A further correlation between the tensile strength 
of chromium and its soundness will be discussed 
in connection with the stress in the deposit. 

It is believed that the most reliable value of 
Young’s modulus for chromium is about 36% 10° 
lb/in.?, as this seems to be the common value ap- 
proached by the modulus of several different 
types of deposits that have been annealed at 
1,200° C. 
greater than the highest observed value of about 
80,000 Ib/in ? 


IX. Ductility of Chromium 


Although, as mentioned in the introduction, 


The true tensile strength is probably 


the desire to produce a ductile chromium deposit 
was the original motive for undertaking this study 
of properties, ductile chromium was not obtained. 
For the purposes of this investigation, a metal is 


considered ductile, if it acquires a permanent 
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deformation while being loaded to rupture. In 
the measurements of modulus of chromium by 
the method of loading a beam, indications were 
obtained that chromium lacked ductility. The 
plot of load against deflection showed no change 
in slope for specimens loaded to the breaking point. 
Plastic deformation would have been revealed by 
a change in the slope of the curve. 

Elongation is commonly measured by the per- 
cent increase of a 2-in. gage length on a speci- 
men that has been broken in tension. A measure- 
ment of this type was made on a few specimens of 
chromium prepared in the manner described under 
tensile strength. The measurements of length 
were made to 0.001 in. with a traveling micro- 
scope. No elongation was found for either bright 
chromium or a specimen of annealed chromium 
(at 1,200° C). Therefore, if chromium deforms 
plastically, the elongation at fracture must be less 
than one tenth of a percent. 

The possibility is not excluded that ductile 
chromium can be obtained by a metallurgical 
process that would yield an oxide-free material, 
inasmuch as normally brittle metals such as 
titanium and zirconium have been obtained in a 
ductile condition. Kroll reports [21] that at high 
temperatures chromium can be hot worked, which 
is some indication that it is ductile under certain 
conditions. 

As it appears that chromium breaks within the 
elastic limit, the maximum extension that can be 


expected when chromium is stressed in tension 
If the tensile strength of a 
deposit were 36,000 |b/in.*, a modulus of 36 10° 
Ib/in would correspond to an extension of 0.1 


ean be calculated. 


percent at the breaking point. This demon- 
strates that a plated metal cannot undergo more 
than a slight flexing without cracking the deposit. 


X. Stress in Chromium Deposits 


Metals produced by electrodeposition are fre- 
quently highly stressed, and there is evidence that 
this is particularly true of chromium deposits. 
The stress within a metal deposit is not a physical 
property, but an understanding of it may help to 
explain the behavior of some of the deposits. 

The formation of cracks in bright chromium 
plate is usually attributed to rupture of the 
deposit as a result of a high contractile stress. 
Some of the specimens plated from the standard 


§2 


elevated temperatures manifesied ty 


For ey ample 


bath at 
presence of stress in other ways. 
deposits plated at 65° C were relatively free fro 
cracks; but when the copper base was dissoly, 
away, some of these developed a network of crac 
and fell into fragments. Deposits obtained » 
85° C and 80 amp/dm ? (from the standard oly. 
tion) appeared quite sound, but developed one » 
more large, coarse cracks (fig. 6) when the coppe 
was dissolved away. (It may be mentioned 
this point that this troublesome cracking of 
high temperature deposits can be largely elin,. 
nated by using either the dilute plating solutin 
40, or one of the solutions containing fluor 
instead of sulfate.) 

The stress in chromium deposits was meas 
by a modification of that well-known method thy 
depends on the bending of a metal strip when ov! 
one side is plated. The modification consisted 
using a spiral, instead of a flat strip. The mew 
urements were made by S. Senderoff of the EF 
trodeposition Section of this Bureau. The « 
tails of the method will be discussed in a for 
coming publication. The results obtained 
illustrated by the curves in figure 17, in wh 
stress is plotted against thickness. 

Because the stress characteristics of the 
posits are not alike, it will be necessary to discw 


60;- 
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Relation between stress and thickness of 
mium deposits. 


Ficure 17, 


Plating conditions: 46° C; 22 amp/dm?; standard plating bath 
amp/dm?; standard plating bath. 65° C, 40 amp/dm?; standard p! 
85° C; 2 amp/dm?; dilute plating bath. 
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irve individually. The curves for the 46° 


1° C deposits show that a high stress exists in 
deposits, and that the stress rapidly decreases 


the deposit becomes thicker. One explanation 
this behavior is that the thin initial deposit is 
d. but, at a certain critical thickness, cracking 
irs and relieves the stress. This explanation 
‘is in with the observations of Blum, Barrows, and 
Srenner [4] that bright chromium deposits ob- 
ained at 46°C and thinner than 0.00002 in., do not 
entain cracks (immediately after removal from 
he bath), but that deposits above 0.00005 in. in 
hickness have cracks. The high stress of 80,000 
b in2, attained with the thin deposits, correlates 
ell with the maximum tensile strength that has 
been measured for chromium, and indicated that 
bright chromium would have as high a strength as 
he dull deposits, were it not for the effect of the 
racks. As the deposits become thicker, the 
tress approaches a constant value of about 17,000 
/in.2, which is approximately equal to the tensile 
trength that has been measured for deposits of this 
ype. 
The 65° C deposit shows a smaller decrease in 
ress with thickness than the bright deposits. 
his result fits in with the observation, that fewer 
racks are present in such deposits. The presence 
fa higher residual stress, than in the bright de- 
bosits, accounts for the tendency to fall apart 
hen the support afforded by the base metal is 
moved. The 85° C deposit from the dilute 
ath (deposit 42) was usually sound and didnot 
how much tendeney to crack. This behavior 
paralleled by its curve in figure 17, which shows 
iat the stress becomes constant at a high value, 
ulicating no relief through cracking. The stress 
f 64,000 lb/in.? would indicate that the tensile 
6,000 lb/in.*, measured as described above, is too 
w. As the stress in the high temperature de- 
sits is close to their tensile strength, it is not 
irprising that the deposits exhibited cracking 
‘casionally. 
llume-Rothery has measured the 
iromium deposits, but as the deposition was done 
t « current density of about 200 amp/dm/?, it is 
ilicult to compare his results with ours. He 
und that the stress varied from about zero for 
icht deposits to 56,000 lb/in.? for dull deposits. 
ittributed the low stress of the bright deposits 
eir preferred crystal orientation. The maxi- 
id minima in stress that he observed in de- 


stress in 


erties of Chromium 


posits obtained at certain 


difficult to explain. 


temperatures are 


XI. Electrical Resistivity 


The electrical resistivity of chromium is not 
of much practical importance in itself, but, like 
the density, it may be an index of the character 
of the deposits. Once the apparatus is set up, 
it can be measured quickly. The three physical 
properties- hardness, density, and electrical re- 
sistivity, are valuable in any study of the nature 
of electrodeposits, because they afford a rapid 
and sensitive means of following subtle changes 
that occur in deposits with changes in plating 
conditions. 

Only a few papers in the literature contain data 
on the resistivity of chromium. Grube and 
Knabe [19] give a value of 14 microhm-cm at 
20° C for the resistivity of powdered chromium 
that had been sintered in hydrogen. They have 
also determined the resistivities at temperatures 
up to 1,800° C, at which temperature the re- 
sistivity has increased to 145 microhm-cm. 
McLennan and Niven [24] reported a value of 44 
microhm-cm, for the resistivity of chromium as 
deposited and 17 microhm-cm for chromium 
after heating, but they did not give the conditions 
either of deposition or of heating. Adcock [1] 
gives 13.1 microhm-cm for chromium annealed 
in hydrogen. The International Critical Tables 
give a value of 2.6 microhm-cm, which is incor- 
rectly quoted from Jukov [18]. He actually 
reported a resistivity of 0.026 ohm-cm for com- 
pressed chromium powder, and his value is not 
comparable with those for electrolytic chromium. 

The resistivity was determined by measuring 
the potential drop between two knife edges that 
were placed in contact with a tube of chromium. 
A current of about 1 ampere was passed through 
the tube from a separate set of leads. The 
resistance of the tube was computed from the ratio 
between the potential across the knife 
edges and the voltage drop across a standard 
0.001-ohm Essentially, the method 
involves the comparison of the voltage drop 
across an unknown reistance with that across a 
Because separate connections 


drop 
resistance. 
known resistance. 
to the tube were used for the current, their con- 
tact resistance did not affect the measurement 


of the potential difference between the knife 
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Rubicon potentiometer, sensitive to 1 
was used along with a sensitive gal- 
al r. The chromium tubes were about 5 
long and the voltage drop across 
hem was of the order =f several millivolts. The 
= y setup was «..-cned by R. F. Kotter, 
f the Electricity and Optics Division of this 


m Nn.) 


Bure’ 

The data in table 9 show that the resistivity of 
hromium, as deposited, varies considerably with 
he conditions of deposition and ranges from 14 
» 65 microhm-em. Figure 18, a, indicates that 
lIthough a considerable range of resistivities can 
b> obtained at a given temperature (for different 
plating conditions) the deposits of lowest  re- 
istivity are obtained at the elevated tempera- 
ures. When plotted against plating variables, 
uch as temperature or current density (fig. 18), 
ragainst other properties of the deposits, such as 


\BLE 9. Electrical resistivity of electrodeposited chromium 
- Restivity 
} 
‘a ; Bath — Current Heat treatment, 
ture | Fensity | as de- 1 hour, at 
posited 
sr C Lae Cc 
Microhim- Microhm- 
( amp/dm cm cm 
} Standard 0) 5 iH. 5 34. 2 14.3 
i 0) 10 6.5 
{ ") 15 618 3.1 13.8 
- do 50 5| 345 23.8 13.8 
j w 1 36.6 26.5 13.6 
- ‘ iT MM) 1) 47.5 2a.Y 13.5 
: i 1 w) 51S 32.6 13.6 
”) ") 4 3.6 ™ 13.6 
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: : ! 7 sO) 23.1 
RS sO) 14.9 13.6 3.0 
&5 nw 35 
uo SO 15.4 Is 13.0 
, ba) lt 15. ¢ 18 
100 sD) 19.3 4.7 
é 4 ‘M) 10 44.5 
mM) m0 46.5 
® »” 2» I 
: 100 ~ 13.8 13.6 a 
y 
; “ «0 Sa? lis 14.1 
: s ‘A 15.8 
x “5 bt) po] 15.0 
¢ a5 st 19.2 
: ie rT) 16.0 
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hardness (fig. 19, b), density (fig. 19, ¢), or oxygen 
content (fig. 19, a), the resistivity shows a more 
uniform trend than do other properties similarly 
plotted. 

The resistivity of chromium deposits is lowered 
by annealing (table 9). The resistivity of speci- 
mens annealed at 1,200° C tends to approach a 
common value of 13 microhm-cm (at 28° C), 
which may be considered as the resistivity of pure 
chromium. This resistivity is attained by those 
specimens which had the lowest oxide content 
26, 32, 35, 42, and 45. Figure 18, b, shows the 
effect of different temperatures of annealing on 
the resistivity of deposits plated at 50° C. 

The high resistivity of chromium, as deposited, 
is to be attributed more to the oxide content than 
to any other factor. This is indicated by the 
trend of resistivity with oxygen content in figure 
19,a. The effect of small quantities of impurities 
in greatly reducing the conductivity of metals is 
well known. Although the oxide is still present 
in the chromium after annealing, it is in an agglom- 
erated form (fig. 5), in which condition, apparently 
it has little effect on the resistivity or on other 
physical properties. 

The soundness of deposits may also be a factor 
in determining the resistivity. This is shown by 
the trend of resistivity with density (fig. 19, c), 
and by the fact that the deposits with the lowest 
tensile strength [1, 2, 3, 8, 10, and 55] are among 
those having the highest resistivities. The pres- 
ence of internal stress in the deposit cannot be 
responsible for much of the high resistivity, as it 
has been shown for copper and iron [10; p. 138] 
that a high stress increases resistivity by only 
about 2 percent. 


XII. Melting Point of Chromium 


The melting point of chromium was not deter- 
mined in this study. In the literature, values are 
given ranging from 1,500° to 1,900° C. The most 
reliable measurement is probably that of Grube 
and Knabe [14], who obtained the value of 1,890° 

10° C for chromium melted in a hydrogen 
They showed that the presence of 
| percent of chromic oxide would lower the melting 
point to about 1,770°C. Apparently the presence 
of oxide is responsible for the low and noncon- 


atmosphere. 


cordant melting points reported by other investi- 


gators. 
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XIII. Heat Treatment of Chromium Depos- 
ited on a Base Metal 


It would be helpful to be able to take advantage 
of the enhanced properties possessed by chromium 
that has been annealed at a high temperature. 
Some experiments were made to determine the 
effect of heating thick chromium deposits plated 
on steel, and on steel first plated with nickel, 





Ficure 20. Effect of heat treatment at 1,200° C of a thick 


chromium deposit on steel. 


Etched with hydrochloric acid. a, Before heating (1,000); 6, after heating 
(x<500 
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cobalt or iron. In all cases, after heating to | 2'f 
C the deposits were badly cracked, and thf 


adhesion to the base metal was so poor that ¢) 
deposit could be flaked off by bending the spe. 
men. On the other hand, chromium from whi 
the base metal has been stripped remains soy 
when annealed. The cracking of the chromium 
probably a result of the difference between ¢\ 
coefficients of expansion of steel and chromiy 
The cause of the subsequent poor adhesion seey: 
to be the formation of a brittle alloy layer betwee 
the chromium deposit and the base metal (see fy 
20). The chromium that flaked off of the bys 
metal does not contain any of the intermedia 
metal upon which it was plated, whereas | 
material remaining on the base metal conta 
chromium. Hence, the break seems to con 
between the chromium deposit and the layer 

chromium alloy. These difficulties with adhesiy 
and cracking warrant the conclusion that a higi- 
temperature heat-treatment will not improve : 

properties of chromium in contact with a hy 
metal. 


XIV. Electrodeposition and Properties ¢ 
Chromium-Iron Alloys 


Kroll [20] showed that a metallurgical « 
containing mainly chromium and a small amow 
of iron could be worked while hot. This sugges 
the possibility of obtaining deposits of chrom 
alloys that might have more ductility than pw 
chromium. <A study was made of the deposit 
of alloys of chromium from chromic acid solution 
but as the results of this investigation were mai 
negative, they will be described only briefly. 

The literature contains a few references | 
attempts to deposit alloys of chromium fro! 
chromic acid solution. Kasper [19] cites sever 
references to the effect that other metals 
chromium do not codeposit. Gardam [12] max 
no mention of alloy formation in connection Wi 
the introduction of iron in the plating solu 
used for producing machinable chromium. Wit 
[34] also was unable to obtain alloys from a chro! 
acid solution. On the other hand, Skalozu) 
and Goncharova [32] reported that alloys 
nickel and with iron had been obtained { 
chromic acid solutions. 

The following metals were introduced 
chromic acid solutions in the attempt to ob 
alloys—iron, nickel, cobalt, tungsten, and mol! 
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The metals of the iron group were 
eed into the solution mainly in the form 
f ie metal dichromates, but a limited number of 
nents were made by adding the metals in 


x | 
he form of other salts. Tungsten and molyb- 
el were added in the form of complexes with 


hosphoric, hydrofluoric, or boric acid. No alloys 
yntaining more than a few tenths of a percent of 
ve added metal were obtained from any of the 
Jutions except the ones containing iron, and, 
ualitatively at least, the deposits were usually 
iferior in physical properties to pure chromium 
eposits 


The deposits obtained from the solutions recom- 


TABLE 10. 


Bath composition rem- 
Rath . . — = = pera- 


CrOy Fe SO, Meg ture 


Moles liter Moles/liter Moles/liter Moles/liter Cc 








9 0.4 0.025 | 85 
| 
2 8 025 to .12 85 
2.5 .8 04 | ‘ 45 
| 
1.0 s2 17 0.16 30 
1.0 32 17 | 16] 80 
| | 
n-4 0 4 ») 8 25 
| | 
) 1.0 4 O68 | O68 25 
| 
| } 
. | 1.0 32 33 j ®. 32 0 
* Potassium instead of magnesium, 


Although these solutions for plating chromium- 
on alloys are not of practical value, they have 
bme points of academic interest, particularly the 
They have an un- 
ually high cathode current efficiency, ranging 


lutions iron-3 to iron-5. 


om 30 to 65 percent, and contain considerably 
bore sulfate than an ordinary chromium plating 
plution. Solution iron-4 contains almost as 
uch sulfate as chromate, or a ratio of sulfate to 
rome acid of about a hundred times greater 
an is normally present in a chromium plating 
uth. The high current efficiency of these solu- 
ms may be partially a result of the high pH, 
1 s is not the whole story, as solutions with 


ir pH, made up by substituting trivalent 


operties of Chromium 





Current 
density 


amp/dm? 





mended by Gardam (table 10) are very similar 
to those obtained from the standard chromium 
solution [29 to 32], except that they are somewhat 
These 
deposits contain only several hundredths of a 
percent of iron. The solution, iron-1 (see table 10) 
is similar to Gardam’s, except that it contains 


softer, although containing more oxide. 


twice as much iron and corresponds essentially 
to a 2.5-molar solution of iron dichromate 
Fe.(Cr,O;);. The deposits contain several tenths 
of a percent of iron, but are not essentially different 
from ordinary chromium deposits. The deposits 
from solutions iron-3 to iron-5 are weak, brittle, 
and unsound. 


Electrode posited chromium-iron alloys 





Cathode Ratio 
Hardness Hivdro- oxygen 
- ° ) 0 g . ’ 
effi Vickers iron vom gen to hy- pH 
ciency 
3 drogen | 
Percent Percent Percent Percent 
20 to SO 8 to 12 | 320 to 470 0.1 0.1 to 0.35 i 60.2 
20 to SO 7 to 12 | 360 to 00 to 5 | 1 to .35 | 3 
| | | 
' ! 
2} 1020 | 0 4 | | 3 
| 
10 417 | HO 5.2 1.69 0.091 | 19 1.2 
| | Dias 
20 | 65 | 340 9.0 2.85 071 | 40 | 1.2 
| | 
2.5 0) 6.0 2.14 112 | 19] 1.6 
| | | 
| | 
5 | 43 35) 6.3 1. 5S 093 17 1.6 
10 350 1.91 OO7 oN 1.4 





chromium for the iron, neither plated very satis- 
factorily, nor yielded high current efficiencies. 
The deposits from iron-3 to iron-5 contain a 
high amount of oxygen, but are not very hard. 
This shows that the mere presence of oxide in- 
clusions in a deposit is not sufficient to produce 
hardness, but that the state and dispersion of the 
Because the 
oxygen to hydrogen ratio of these deposits is 16 
or above, the deposits apparently have no free 
hydrogen (on the basis of our assumption). It 
is possible, however, that because of the relatively 
high pH of the solution, the basic material has 
separated in the form of a basic iron or chromium 
dichromate, Cr(OH);.Cr(OH)CrQ,, in which the 
ratio of oxygen to hydrogen by weight, is 32. 


basic material is equally important. 
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XV. Summary 


As the properties of various types of electro- 
deposited chromium approach a common value 
after the chromium has been heated to 1,200° C, 
the properties of this annealed chromium may be 
considered to be those of pure chromium. Sup- 
port for this view is gained from the fact that the 
density of annealed chromium is 7.20 g/em*, the 
value calculated for pure chromium from X-ray 


70,000 Ib 
13.0 mierc time. 


Tensile Strength 
Resistivity 
It will be noted that some of the deposits 9), 
tained at temperatures between 85° and 100° | 
have physical properties very close to those of; 
annealed deposits. The inference is that th. 
deposits are the purest and soundest ones and , 
most likely to be satisfectory for any purpo 
other than those requiring high hardness, 


data. The following is a summary of the prop- 


. table 11, the properties of some of the best hi). 
erties of annealed chromium. 


. temperature deposits are compared with 
200 (Knoop). 
7.20 g/em'. 


36 X 108 Ib/in?. 


Hardness 
Density 
Young’s Modulus 


commonly used bright chromium, deposited 
50° C and 20 amp/dm’. 


Tasie 11. Comparison of properties of low temperature (50° C), high temperature (85° to 100° C), and annealed chroy 


"lating Conditions 


Young's 
modulus 


Tensile 
Strength 


Hardness 


Knoop 


Oy 


Deposit Bath 


0 


Density Resistivity 
Cathode 


efficiency 


Tempera- Current 
ture density 


acm Ibjint Microhm-cem I 


amp/dm? Percent : 
7.05 Sx 1 47 


Standard 5 » 15 


| Dilute » 15 7 $25 ‘7 : 22 
| Fluoride 5 wi 15 2 { 3 16 
| 


Standard 5 il 7.17 ) : 15 
Dilute 8 7 a5 3 4 
Annealed, 1,200° C ral 7 13 
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Surface Tension of Compositions in the Systems 


PbO-B2O0;3 and PbO-SiO>2 


By Leo Shartsis, Sam Spinner, and Alden W. Smock 


The surface tension of a series of compositions ranging from 0 to 100 percent of Pho 


in the system PbO-B,O0; and of compositions ranging from 0 to 35 percent of SiO, in the 


system PbO-SiO, was measured by a modification of the anchor ring method. 


The volatility 


and changes in composition of members of each system upon heating were found to be related 


to the 


surface tension and its change with composition. 


Some correlation between the 


temperature coefficient of surface tension and expansivity was noted. 


I. Introduction 


Commercial glasses in general are quite complex 
they are formed from several oxides. The 
ct of varying the percentage of any one of 
se oxides relative to the percentage of the others 
Bcuite complicated. By systematically studying 
psses formed from simpler systems of oxides, 
mpler relations between changes in composition 
d their effect on the properties of the glasses can 
expected and, from such results, we can hope 
reach a better understanding of the condition 
matter called glass. 

The oxides PbO, B.Os, and SiQ, are of such 
ut importance in the manufacture of many 
sses, glazes, and enamels, that studies of sys- 
ns of these components are of real interest in 
eral fields of ceramics. For this reason, this 
dy was made on the two-component systems, 
0O-B.O,; and PbO-SiO,. The study consisted 
measuring the surface tensions of melts at 
erent temperatures and with different compo- 
ons. Some tests were also made on volatiliza- 
m and expansion, 


Preparation of Melts and Methods of 
Test 


‘he compositions investigated were prepared 
elting, in platinum crucibles, the requisite 
uts of HsBOs, PbO, and SiO, of the purity 
r optical glasses. The weight of the 
nged between 300 and 500 g. They were 

ith a platinum red and, when they seemed 


e Tension of PbO-B.O, and PbO-SiO, 


homogeneous, were poured into iron molds. 
About half of the PbO-B,O, glasses were analyzed 
by a triple evaporation with HF and H,SO, for 
PbO both before and after the surface tension 
It was found that if the time for 
making the surface tension determination was kept 


determinations. 


relatively short, say 3 or 4 hours, the change in 
As the time seldom 
exceeded 4 hours, the remaining compositions 


composition was negligible. 


were not reanalyzed after test. 

The method [1] 
was that of finding the maximum pull exerted on 
a small thin-walled platinum cylinder when its 
lower edge was in contact with the molten glass. 
In this method, a correction factor is necessary 
because of the finite thickness of the walls of the 
platinum cylinder. 

The following equation was deduced by Ver- 
schaffelt [2] for this case: 


la ee 
o ik (2.8284 0.6095../ 2) ER } 


— h _ h 5° 
(3 T —— pre Ip Vin} 
where 


o=surface tension in dynes/em 
h=F/xR?*pg= Wraax/4R’p 
F= maximum force exerted on the eylinder= 
Wess 
26=thickness of cylinder 
p—density of glass 


of measuring surface tension 


. 
t Figures in brackets indicate the literature references at the end of this 


Paper, 


61 





R=mean radius of the eylinder 
maximum pull (in grams) exerted on the 


WW 


‘nen 
evlinder. 
The correction factor V is the expression within 
the brackets. To simplify the cumbersome calcula- 
tions involved, the following expansion of Vo was 


made. Thus 


2.82846 0.60956 . 36 . 2.5858 


vAR R 


O.371° 


t AR t RyhR ly 


(2) 


For a given size ring, R, 6, and # are known con- 
stants, and V’, containing in addition to these con- 
stants terms I/h and 1/yh, is a quadratic m 1/yh. 
As I/yh is times 
(p/ Wax)”, V is a quadratic in (p/Wirax)™ 

A series of p/Wiy ax Values was selected and the 
Figure | shows 
0.0076 


equal to known constants 


corresponding W's were caleulated. 
the curve obtained using R= 1.26 em and 6 
em. The required V ean be read directly from the 


curve when p and Waa, are known. The surface 





Verschorfel? correction 











Fu URE 1 Ve rac haffe lt correction versus p _ 
ted for a cylinder of mean radius 1.26 em and 


wrection Vis used in the surface tension 


tension can now be computed from thi rely; 
o=FV/4eR. 

It was considered sufficiently accurat« to 
culate a V factor for each glass at one teniperg 
only, usually 1,000° C, and to apply it to, 
proper F'/4rR value. The value of FUL—\V) 4) 
was then subtracted from each of the F/4rR yy 
obtained at other temperatures. 

The densities of the PbO-B,O, glasses at 
temperature were computed from the formu! 

(Pboy? 
D 1,600 r2 
where 
D=density 
PbO= weight percentage of PbO in the g 

These densities were corrected to the des 
temperature by use of available expansion 
[3]. Above the interferometer softening point: 
expansivity was assumed to be three times | 
at lower temperatures. The densities, ey 
sivities, and interferometric softening points 
some PbO-SiO, glasses are available in the {i 


ture [4, 5, 6). 
III. Results and Discussion 


1. The System PbO-B,O, 
(a) Phase Equilibrium Relations 


Figure 2 shows the phase equilibrium diag 
[3] of the system PbO-B,O,. The broad feat 
that may be noted are 1, the two-liquid 
extending from about 9 to 43 percent of I 


2, the flat maximum at about 61 percent 








Phase equilibrium diagram of the 
PbO-B,O, [3] 


Figure 2. 
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orate composition; 3, the steep slope of . Surface tension of compositions in the system 
> 

idus curve at about 83 percent; and 4, the PbO-B203 

temperature being below 800° C for all 


sitions containing less than 95 percent of Num- Surface tension (in dyn/cm) at 
ber of 
seats Hour ¢ Toe" C sooe Cc f : Looe Cc 
(b) Surface Tension Data 
° Percent 
Je 1 gives the values obtained for surface 0 (100 B,O 
9 
> 10. 1 
nsion at 900° C versus percentage of PbO. In 16.6 


« composition region from 0 to about 40 percent =.6 


ysion. Figure 3 shows a plot of the surface 





P60 - 8203 
Surface Tervsiory 
of 900°C 











97.9 


100.0 


From about 40 to 80 percent of PbO, the surface 
tension rises rapidly to a flat maximum near 84 








at | j 1 l lL l | 1 yD : . 
10 20 30 40 50 60 70 80 90 100 percent of PbO. Above this percentage it drops 


Percent of PbO to the value for pure PbO. 





Surface tension and temperature coefficient of The lower part of figure 3 shows a plot of the 


we tension of the compesitions in the system PbO- temperature coefficient of surface tension at 900° ¢ 


‘ 


3 at 900° C. versus composition. From 0 percent of PbO 





through the two-liquid region, the coefficient is 

PhO, the surface tension is almost constant. positive and probably constant within the limits 
us is the region, at lower temperatures, of two of experimental error. Increasing PbO beyond 
bmuseible liquids. However, 900° C is far above the two-liquid region causes the coefficient to drop 
¢ critical solution temperature and only one — and become negative. The maximum negative 
wid should exist. It is interesting to note that value occurs between 60 and 70 pereent of PbO. 
urge change in composition causes such a small Further increase in PbO causes the coefficient to 
aul in surface tension. This condition may increase to zero at about 82 percent, and from this 
lieate that the composition of the surface layer percentage to pure PbO it is positive. The posi- 
quite different from that of the interior of the tive coefficients of pure PbO and B,O, indicate 
nd, as the surface tension differs but little that they are molecularly complex [7]. It is inter- 

at of pure B,Os, that this layer consists esting to note that a region of negative tempera- 
vholly of that oxide, ture coefficients of surface tension exists in a sys- 


Tension of PbO-B,O, and PbO-SiO, 63 


4s 5 











tem whose end members have positive coefficients 
of surface tension. 


(c) Some Effects of Heating Various Compositions 


Table 2 presents data on the effect of heating 
various compositions. The first column gives the 
percentage of PbO calculated from the batch com- 
ponents. The second column gives the composi- 
tion of the resulting glasses as found by chemical 
analysis. Note that the percentage of PbO found 
is higher than that in the first column until 80 
Beyond this the agreement is 
interesting 


percent is reached. 
fairly good. These results 
enough to warrant checking by prolonged heating 
of some of the glasses. The results are shown in 
the third column. Below 80 percent, heating re- 
sulted in an increase in the percentage of PbO, 
and above 80 percent a decrease resulted. These 
results can be interpreted in the light of the sur- 
face tension curve previously shown (fig. 3). 
From 50 to 80 percent of PbO, the surface tension 
increases as the percentage of PbO 
According to the Gibbs adsorption isotherm, a 
substance that raises the surface tension is nega- 


seemed 


Increases. 


tively adsorbed; its concentration is less in the 
surface than it is in the body of the liquid. If the 
intrinsic volatilities of the two end members are 
approximately equal, relatively less PbO than 
B,O, will be lost and the liquid will become richer 


in PbO. The reverse behavior is to be expected 





Tasie 2. Change in composition and volatility on heating 
PbO-B2O3 melts 
PbO 
Volatiliza- 
Caleulated Found After tion loss 
from batch heating 

% % % 

wO0 133 52. 91 mg * 
55.0 2M. 23 a4 
o.0 60. OS 67 
65.0 6. 50 67.01 260 
70.0 | 70. 70 2h) 
75.0 75. 54 76. 48 204 
0.0 70.4 sO. 40 | 28 
82.0 82. 0S 81, 21 716 
a0 784.12 So. 4 } 13 
wi0 285. 07 | 213 

| 

A 0 288.04 87. 92 

wo su S4 733 
92.0 291.91 91.63 2126 





- — — 


1 Glass sufficient to yield 0.3 ml was placed in standard 25 ml platinum 
crucibles and heated at approximately 900° C for 16 hr 


? Average of 2 determinations 
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in that region where increasing PbO cases 4 
surface tension to fall. From 84 percent upyy) 
there is more PbO in the surface than in the bo) 
of the liquid. Therefore, relatively more Ph, 
lost and the liquid becomes poorer in that oxi 

The last column of table 2 is a record of x 
volatilization experiments. Although the res), 
are somewhat scattered, there is evidence of ny. 
mum volatility at about 82 percent of PbO. | 
the surface tension is considered as arising fron, 
internal attraction of the molecules, it is oby 
why a composition having a high surface tens 
should also have a low volatility. How 
caution must be exercised in applying these , 
clusions to other liquids, because the relation 
tween the surface and the interior of such lig 
may vary greatly from that of the composi 
under consideration. 


(d) Temperature Coefficient of Surface Tension 
and Expansivity 

The temperature coefficient of surface tensi: 
related to the mean coefficient of cubical ex) 
sion {7}. It has been deduced from theore: 
considerations that the ratio of the coefficien 
surface tension to the coefficient of cubical 
pansion should be equal to 2.33. For many : 
stances, the ratio is approximately constant 
the average is about 2.3. Data on the vol 
expansion of lead borates at 900° C were 


available and, therefore, the expansion coeffi 
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Surface tensions of compositions in the system PbO-B Qs at 
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ear 


om temperature to 250° C [3] have been 
| in figure 4. One sees that the two curves 
} nilar. 
2. The System PbO-SiO, 

(a) Surface Tension Data 


fable 3 presents the data obtained on com- 
sitions ranging from 0 to 35 percent of SiQy. 
el 2 
ere difficult to obtain with the apparatus avail- 
bie. Figure 5 shows a plot of the surface tension 
1.000° C versus percentage of SiO,. The upper 


s containing more than 35 percent of SiO, 
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URE 5. Surface tension and temperature coefficient of 
Jace tension of compositions in the system PbO-SiO, 
at 1,000° C. 


rve shows the data obtained by using the maxi- 
im-pull method, and the lower curve shows the 
ta obtained by Appen [8], who used a modified 
p-weight method. Although Appen’s results 
‘distinetly lower, the difference being ascribed 
the different methods, both curves show a rapid 

in surface tension with increasing amounts 


e Tension of PbO-B.O, and PbO-SiO, 





TABLE 3. Surface tension of compositions in the system 
PbO-SiO, 


Surface tensicn (in dynes/em) at— 





Num- vi . she a a 
SiO: | ber of 
tests 700 800 900 1,000" 1,100° 1,200° | 1,300° | 1,400 
Cc Cc Cc & Cc Cc Cc Cc 
' 
Percent 
3. 20 ] 134.4 142.0 145.4 IM.2 158.0 161.3 
5.17 l 147.8 | 157.7 142.1 158.0 16401 162.7 
9. 36 l 173.6 | 176.5 179.2) 182.0 | 183.3 
13. 18 2 183.7 186.5 189.6 | 193.9 | 197.3 
15. 30 2 187.3 v2.4 194. 6 196. 1 
| 
16. 76 3 199.4 202.2 5.7 
17.50 2 193.2) 196.8 199.1) 201.6 | 24.4 |) 208.2 
SD) 217.1 219.1 221.0 | 222.¢ 
27.12 3 224.5 | 225.6 | 225.7 | 226.5 
28. 31 227.8 | 228.4 | 227. 
40.08 231.3 22.0 232. 7 200 229. 1 
30.16 2 20.0 230.8 230.8 231.7 232. 2 
32. 74 } 233.7 25.0 235.6) 24 235, 1 
4.91 2 233.0 | 233.7 | 234.0 | 235.0 235, 7 


(b) Surface Tension and Volatility 


Inasmuch as the surface tension rises as the 
percentage of silica is increased, it is to be expected 
that the volatility will decrease. This was found 
to be the case by Preston and Turner [9] in their 
important work on the volatility of various 
systems. 

(c) Temperature Coefficient of Surface Tension and 

Expansivity 

The lower part of figure 5 is a plot of the 
temperature coefficient of surface tension versus 
composition. The temperature coefficients are 
all positive, become smaller as the percentage of 
silica increases, and approach zero at about 35 
percent of SiO,. From the parallelism that was 
shown to exist between the expansion coefficient 
and the temperature coefficient of surface tension, 
the expansion coefficient should decrease with 
increasing silica. Expansion values were avail- 
able only in the range from room temperature to a 
few hundred degrees. As the following data [6] 
show, these values decrease as the silica increases. 


Coetlicient of ex 


SiO, pansion from 200 
wor Cc 
Percent 
12 13. 1X10 
21 1.4 
4 7.9 
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IV. Summary 


The surface tensions of a series of molten lead 
borates and lead silicates have been measured; 
the changes in composition on heating and the 
volatility of the compositions have been related 
to their surface tensions; and the similarity of the 
composition-expansivity curve to the composition- 
temperature coefficient of surface tension curve 
has been pointed out. 
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Expansion Effects Shown by Some Pyrex Glasses 
' By Arthur Q. Tool and James B. Saunders 


Thermal expansion data are presented, which apparently confirm a previously expressed 





belief that some of the borosilicate glasses containing a high percentage of silica are essen- 
| tially two-component glasses. One of these components is presumably composed almost 
entirely of silica and forms into a comparatively rigid and continuous spatial network that 
pervades the whole glass. This formation develops before the glass is cooled into the anneal- 
ing range of the other component that is composed of a portion of the silica and most of the 


other constituents. On being cooled into its annealing range and particularly on reaching 





temperatures below this range, the low-temperature component also forms a fairly rigid 
network that is interlaced with that of the high-temperature component. The latter, 
{ being composed mainly of silica, possesses a considerably lower expansivity than the other. 
Consequently, the low-temperature component, whenever it behaves as a rigid network, 
elastically compresses the other component on cooling and is, in turn, elastically distended. 
Annealing the glass at suitable temperatures relaxes the compressions and distensions. 
Such relaxations cause expansions and contractions that are unlike those found in a normal 
single-component glass. As a result, thermal expansion cycles obtained on glasses contain- 
ing a high percentage of silica show certain peculiarities. Several cases in which these 
peculiarities appear are presented and discussed. 
I. Introduction double endothermic effect that is observed in 
some samples of this type of glass when they are 
1. Possibility of Two-Component Glasses heated. This view concerning the nature of 
In previous papers [1, 2, 3] ' attention has been these glasses was considerably strengthened when 
tilled to certain peculiarities possessed by boro- it was found that it could be used to anticipate the 
ilieate glasses with a rather high silica content, consequences that variations in annealing or other 
uch as is found in some Pyrex glasses. In one heat-treating schedules have in changing the 
/#! these papers [1], it was pointed out that such temperature range and magnitude of the endo- 
PMBlasses behave, while within their annealing thermic effects of heat-treated samples. By 


unges, as if they consist of a comparatively rigid 

Framework or cellular structure of large and 

bossibly complex molecules that is surrounded or 

lled by a component that is still fluid. Thus, 

lie glass at this stage appears to consist of two 

wee ponents or glasses, one that has practically 

vached the vitreous solid state and another that 

stillin the highly viscous liquid state. Possibly, 

host glasses possess this characteristic to a 
mited extent, 

he possibility that borosilicate glasses with 

bicl-siliea content are in effect composed of two- 


nent glasses was first suggested by the 


rickets indicate the literature references at the end of this 


yponsion Effects in Glasses 





properly regulating the treating schedule, the 
endothermic effect can be reduced to practically 
a single effect (as it normally appears in ordi- 
nary glasses), or its apparent duality can be 
accentuated. 


2. Softening Ranges and Probable Compositions of 
Components 


From a study of the endothermic effects, as 
exhibited by heating curves obtained on a number 
of samples that had received different heat treat- 
ments, it appears that the more fluid component 
of some of the glasses tested became a vitreous 
solid at a temperature that was approximately 
100° C below that at which the less fluid compo- 
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nent reached a stage of comparative rigidity. 
Roughly speaking, the softening range of the first 
of these components in ordinary Pyrex glasses 
extended from somewhat below 500° to 600° C, 
and the other extended from approximately 600° 
to 700° C. 

In speaking of glass as consisting of two or more 
component glasses, there is no intention of sug- 
gesting that the constituent molecules are sharply 
divided among them according to definite cate- 
More probably, the division of the mole- 
cules between the components is somewhat in- 


ur Tes 
gories. 


definite and subject to some change whenever the 
glass is treated differently at temperatures within 
or just above its annealing range. Moreover, 
some individual molecules or complexes of all 
categories may form a part of both components. 
Whenever one constituent is in excess and is also 
capable of forming a glass of itself, it is likely to 
predominate in one of the components. In view 
of the composition, it seems that the predominant 
constituent of the high-temperature component 
in ordinary Pyrex glasses is silica. In other words, 
this component consists, for the most part, of 
associated complexes of silica molecules and chains, 
and the other consists of almost all the remaining 
constituents with an appreciable portion of the 
silica. Heating curves that exhibit endothermic 
effects supporting this surmise concerning the con- 
stituency of the high-temperature component were 
shown in another publication [4]. 

In the investigation reported in reference [4], 
samples of a Pyrex glass were held for considerable 
periods at temperatures aboye 650° C to devitrify 
them. At such temperatures, the low-tempera- 
ture component is sufficiently mobile to act as an 
efficient flux that aids in the disintegration of the 
partially softened high-temperature component 
and in the formation of cristobalite from it. After 
the crystallization of the silica is carried as far as 
possible, the remaining glass no longer shows an 
endothermic effect corresponding to the high- 
temperature component. In other words, this 
component, as a glass, has apparently vanished. 
Moreover, the remaining endothermic effeet is not 
unlike that of an ordinary borosilicate glass, and 
it actually occurs in a slightly lower-temperature 
range than that of the low-temperature component 
This 


result indicates that the low-temperature compo- 


before the other component was removed. 
nent may also have lost some silica as a result of 
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the devitrification. Thus, there is little doy) 
that silica is also an important constituent of y 
low-temperature component. 


3. Density and Expansivity of a Two-Componey 
Glass 


Besides causing uncommon variations jn ; 
endothermic effects of a glass, the presence of | 
components with widely different softening rang. 
affects other phenomena associated with thy 
nealing and disannealing of glasses. Two of thy 
phenomena are the density changes caused 
annealing and the extraordinary expansion 
glasses in their annealing ranges. Some of + 
density changes observed as a result of heat trew. 
ing these supposedly two-component glasses |); 
already been presented [2, 3]. Also, preliming 
results on the peculiarities of the extraordin; 
expansions of these glasses were included 
paper [5] read at the Toronto meeting of | 
American Ceramic Society in 1930. 

A more extended set of observations on | 
extraordinary expansions is the subject of | 
present paper; but before they are taken up 
should be pointed out that the general natur 
the results of the experiments can be anticipa! 
from the implied concepts involved in the hypo 
esis of a two-component glass, especially if t! 
is sufficient knowledge of the nature of the co 
ponents. In the case of an ordinary Pyrex gis 
it has been presumed that the high-temperati 
component is predominently silica. Consequen! 
this component, as compared to ordinary glas« 
of lower silica content, has a low expansivity « 
a high annealing range in which the extraordin 
expansion is probably not outstanding and 
density changes resulting from variations in anne: 
ing are small. The other component presuma! 
contains most of the remaining constituents 
the glass. As a result, the composition of the lat’ 
is not unlike that of some ordinary glasses |! 
are normal both in respect to expansivities and a 
nealing ranges and that, after being well annea! 
show a considerable increase in density and al» 
moderately large extraordinary expansion |! 
heated through the annealing range. 

When measured at some standard tempera! 
well below the annealing range, the expansivil) 


any ordinary glass so far tested always deere] 


as the equilibrium temperature is decreased, ' 
the maximum change attainable appears to 
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() percent. The same result should also 
ained on a two-component glass, such as 
scribed above, because changes in the effec- 

nnealing temperature of the low-temperature 
nent should dominate any expansivity 
res of this nature, although the expansivity 

f the glass as a whole naturally lies between the 

Kpansivities of the two components. In other 

ords, it is impossible to produce by annealing 

atments any change in the expansivity of the 
ivh-temperature component that is not overshad- 
wed by changes ef similar origin in the other 
mmponent. Moreover, because of the dominance 

f the low-temperature component in this effect, 

vw range of annealing temperatures within which 

uch a decrease in expansivity is producible will 
pproximately coincide with the annealing range 

f that component (that is, from 450° to 600°C, 


pproximately, for an ordinary Pyrex glass). These 


meclusions are seemingly corroborated by the 

sults obtained in the investigation [3] of the 

{fect of heat treatment on the expansivity of a 

Wrex class. 

. Probable Results of Certain Heat Treat- 
ments of Two-Component Glasses 


1. First Type of Glass 


With regard to the extraordinary expansions of 
vo-component glasses, a great variety of results 
in be obtained by varying the heat treatments. 
hese effects develop not only as the glass is being 
ated or cooled through the annealing range, but 
so While it is being held at a constant temperature 
that range. Because these effects are closely 
sociated with the endothermic and exothermic 
Tects, which may be observed by heating a glass 
rough its annealing range, and are also related 
density changes, the effects of which persist 
‘n after a glass is cooled to ordinary tempera- 
ires, it is obvious that any peculiarities in the 
traordinary expansions will be associated with 
responding peculiarities in the heat effeets and 
‘usity changes. With this picture of the par- 
ular two-component glass under consideration, 
« following conclusions can be reached as to its 
obable behavior and properties after it is sub- 
eted to certain specific heat treatments. 
‘ment (a).— The first treatment to be con- 
‘is that in which the glass is cooled rapidly 
ospheric temperatures from temperatures 


sion Effects in Glasses 


that are above the annealing range of the high- 
temperature This treatment cor- 
responds to that received by glass tubing and small 


component. 


or thin articles that, after being drawn, molded, or 
blown, are cooled in air at atmospheric tempera- 
tures and receive no intermediate or later anneal- 
ing. At high temperatures suitable for drawing 
and molding, thermal agitation holds the compo- 
nents in a comparatively high degree of disorgani- 
zation and the rapid cooling allows very little of 
the organization ? that slow cooling and annealing 
encourage. After being so treated, the glass, on 
being reheated at a normal rate for testing, will 
show extraordinary expansions that differ little 
if any from those shown by a single-component 
glass treated similarly and having the approximate 
composition of the low-temperature component. 
That is, the expansion curve will indicate a small 
or possibly negative expansion as the annealing 
range of the low-temperature component is entered, 
and this effect will be followed by a very large 
expansion in the upper part of this same annealing 
range. At higher temperatures, the low-tempera- 
ture component having fully assumed the char- 
acteristics of a liquid glass [6] expands much more 
rapidly than at temperatures below its annealing 
range. This increased expansion obliterates any 
peculiarities that the high-temperature component 
contributes, in its annealing range, to the expan- 
sion curve. 
satisfactory linear-expansion curves in that range 
because the softening of the low-temperature com- 
ponent has too greatly increased the inelastic de- 
formability of the glass. 


Moreover, it is impossible to obtain 


Fortunately, the exothermic and endothermic 
effects that are by differential-heating 
curves, obtained in the usual manner [1], can be 


shown 


observed throughout the annealing ranges of both 


components. A study of the genesis of these heat 

2?“ Organization” as used here and in the following discussion refers to the 
development of molecular relationships that may or may not be the same as 
any of those more-or-less hypothetical relationships that have been proposed 
by various investigators in discussions of vitreous materials Examples of 
the hypothetical molecular structures that have been discussed are the silica, 
threadlike structure considered by R. B. Sosman in his monograph on ‘The 
properties of silica’? (Chemical Catalog Co., New York, N. Y., 1927) and the 
chain or ring-like structures considered by E. Preston (J. Soc. Glass Tech 
26, 82, 1942 
ing up of extended networks especially in silica-rich glasses. Other (although 


Seemingly, such structures should be conducive to the build- 


not always wholly different) hypotheses concerning extended molecular 
structures have been advanced in discussions on the constitution of glasses 
Some of these hypotheses are mentioned by G. W. Morey in his monograph 
on “The properties of glass” (Reinhold Publishing Corp., New York, N. Y., 
1938 As some of the proposed structures or networks concern silica glasses 
containing other constituents, they must be considered as possibilities 
especially in connection with the low-temperature component 
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effects [6, 7], and of the conditions probably de- 
veloped by the heat treatment under considera- 
tion, leads to the conclusion that the general ap- 
pearance of the heating curves obtained in this 
ease will differ little from those that would be 
obtained on any chilled ordinary single-component 
glass if it had an unusually broad annealing range. 
In other words, the curves will indicate that an 
exothermic effect developed near the lower limit 
of the annealing range of the low-temperature 
component, and that the following endothermic 
effect extended without apparent break over the 
annealing ranges of both components. Curve 


5 in figure 1 presents such indications. Excepting 








— 
00 400 


TeebenaTume 


Ficure 1. Differential heating curves showing erothermic 


and endothermic effects. 


Ordinary Pyrex glass, such as used in ehemical ware: Curve 1, after treat- 
ment for 21 days at 450° C; curve 2, untreated glass; curve 3, after treatment for 
«) hours at 540° C; curve 4, after treatment for | hour at 700° C; curve 5, after 
treatment of | hour at 850°C. G702P glass; curve 6, untreated. 


a slight change in curvature just above 600° C, 
there is no indication in this curve of an exothermic 
effect near the beginning of the annealing range of 
the high-temperature component. As this com- 
ponent was chilled by the treatment imposed on 
the glass, it should produce an exothermic effect 
as it anneals near 600° C during the heating re- 
quired by the test. However, such an effect 
will be comparatively small if the component is 
constituted mainly of Moreover, 
an effect may be practically obliterated because it 
is overlapped by the endothermic effect of the 
low-temperature component. 

After this type of cooling treatment, which 
usually follows the production of any small glass 


silica. such 


article and which in this case allows neither com- 
ponent opportunity to develop molecular reorgani- 
zation and compaction to the degree normally 
induced by annealing, the density will be definitely 
lower than after any annealing treatment that is 
capable of increasing the general compaction 
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and which thereby appreciably reduces 1 
intermolecular 
when a glass is composed of two major com poneys 
with appreciably different properties, it inust 

expected that the interaction between these coy. 
treatments y 


space. Howey» 


occupied” or 


ponents during various heat 
especially during rapid coolings or heatings y 
cause extraordinary variations in the unoceupy 
Henee, this interaction must be ta! 
into account when considering the effects that |) 


space. 


treatments have on density. 

During a rapid cooling the behavior of bo 
components, even before they reach their resp. 
tive annealing ranges, is very much like that 
This likeness 
rapidly as the temperature decreases and 
In other words, there is con. f 


vitreous — solids. increases ve 
viscosity increases. 
paratively little shifting of the relative position 
of the molecules except through the developn 

of elastic molecular strains. Such strains 

doubtless compressions of the component wit! 

‘the high-temperature comp. 
nent in the glasses now under consideration) « 
distensions of the component with a high expa: 
sivity. Release of these strains by annealing 

the annealing range of the low-temperature con: 
ponent will modify the compaction (increas 

density) normally developed by annealing. 1! 
normal density change caused by annealing 
chilled glass is an appreciable increase that dev- 
ops at a decreasing rate as equilibrium is 
proached at the annealing temperature. In | 
beginning of an annealing of a chilled two-cow- 
ponent glass in the annealing range of the lw 
temperature component, the same sort of compu: 
tion develops and increases the elastic straw 
As these strains increase, their rate of rela 
tion increases if the viscosity is not too grea! 


low expansivity 


increased by the compaction. As the striyy 
relax, the compressed and comparatively ri 
high-temperature component expands the glis 
This expansion continues long after the pr 
ously ascendant contraction of the low-temp: 
ture component is practically ended. That s*) 
two component glass after being subjected | 
treatment (a) should first contract and | 
expand under certain conditions of annealitt 
Experimental results showing such a reversal ‘ 


} 


discussed later. 
Treatment (b).—-When the rapid cooling bes” 
after the glass has been held for a short time ® 
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‘ture that is near the upper limit of the 
ng range of the high-temperature compo- 
id which is too low for working the glass, 
ranization of this component into a sort of 
vork that extends throughout the body of 
ass will be somewhat more definite than it 
Nevertheless, it, as 


after treatment (a). 
is the low-temperature component, will be 


d. Consequently, both components will 
exothermic effects when reheated for test 
hese effeets may be more distinct than before 

as suspected, the organization of the high- 
smperature withdrawn some 

lice from the Curve 4, 

is an example of the heating curves 


component has 
other component. 
gure 1, 
btained on samples heat treated in this manner. 
owever, this treatment does not differ suffi- 
ently from that discussed under treatment (a) 
) produce a materially different density or expan- 
on curve. 

If the rapid cooling from high 
mperatures is stopped at some temperature in 
ut above the midpoint of the annealing range of 
ve low-temperature component, the other com- 
ment, despite its high viscosity, will 
«ome almost completely organized and annealed 


Treatment (e). 


very 


a reasonable time is allowed before the rapid 
woling is Annealing of the high- 
mperature component at such a comparatively 


resumed. 


bw temperature is possible because of the fluxing 
‘tion of the more mobile low-tempearture com- 
ment which, with comparative rapidity, reaches 

equilibrium condition corresponding to the 
During this rapid adjust- 
ent, the low-temperature component shrinks 
ul there is, in the initial stages of this shrinkage, 


ding temperature. 


negative expansion of the glass. However, as 
is adjustment nears completion and consequently 
ws up, a slower developing positive expansion 
leet gains ascendency as the high-temperature 
itself from 
scribed under treatment (a). 


mponent frees compression as 
When this treatment of the glass is completed 
« rapid cooling to atmospheric temperatures, 
¢ low-temperature component is only partially 
inealed in the sense of being brought to equilib- 
im at low annealing temperatures. However, 
ther component should be rather thoroughly 
ed. Consequently, a heating curve test 
ow an indication of only one exothermic 

d that will be comparatively small and 
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near the lower limit of the annealing range of the 
low-temperature component. On the other hand, 
the indication of an endothermic effect in this 
curve will be especially marked in the annealing 
range of the high-temperature component. Curve 
3, figure 1, is such a heating curve.* 

Because of the expansion of the high-tempera- 
ture component as it is released by heat treatment 
(ce) from much of the compression imposed upon 
it by the other component, the density of the glass 
on reaching atmospheric temperatures is appre- 
ciably lower than when the cooling is rapid and 
continuous from high to atmospheric temperatures 
Thus, this release 
apparent 


as in treatments (a) and (b). 
from compression accounts for the 
minimum density obtained by certain treatments 
in previous investigations [2, 3]. 

An expansion curve obtained after treatment (c) 
will resemble, in many respects, that of a slightly 
annealed ordinary glass because the low-tempera- 
ture component, which mainly determines the form 
of the curve below its softening range, has received 
such an annealing. Consequently, the curve will 
show no reduction in the expansion rate at tem- 
peratures near the beginning (lower end) of the 
annealing range of this component, but it will show 
a very rapid expansion in the range of the first 
endothermic effect. However, if the heating for 
the test is stopped sharply and held at a tempera- 
ture near the upper limit of the annealing range 
of this component, the glass will contract some- 
what at the constant temperature instead of ex- 
panding slightly for a time as a normal glass does 
in continuing to equilibrium. This contraction 
develops because the glass has been heated beyond 
the holding point of the previous treatment by 
which the high-temperature component was to a 
great extent freed of compression and by which a 
sort of equilibrium condition was established be- 
tween the two components. In heating beyond 
this point, the more rapidly expanding low-tem- 
perature component elastically distends the com- 
paratively rigid spatial network of the high-tem- 


perature component. In other words, the mole- 


All of the heating curves, such as curves | to 5 in figure 1, which were 
obtained on an ordinary Pyrex glass, indicate that the endothermic effect of 
the high-temperature component occurs between 600° and 700° C, approxi 
For a pure silica glass it occurs near 1,100° C and is small and not 
Presumably, this effect of the high-temperature com- 


mately 
particularly definite 
ponent occurs at considerably lower temperatures and is comparatively 
large and definite under some conditions because the component is not com- 
posed of silica alone and also because of the solvent action of the other com 


ponent at temperatures well above its annealing range 
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cules of the highly viscous low-temperature com- 
ponent being hampered by the almost rigid net- 
work of the other component cannot flow imme- 
diately into all of the excessive intermolecular 
spaces as they develop. Consequently, a slight 
overexpansion of the glass has developed when it 
reaches the top temperature of the expansion test 
At this temperature, the overexpan- 
sion soon disappears as the elastic network frees 
itself of distension and the excessive intermolecular 
spaces are filled through flow of the low-tempera- 
ture component. This contraction effect is an 
exception to Marchis’ [8] rule that the expansion 
evele of glasses is counterclockwise. 

Treatment (d)—The molded object, from which 
the samples corresponding to curves 1 to 5 in 


described. 


figure 1 were taken, was large and thick compared 
to ordinary tubing, although it was doubtless 
cooled rather rapidly through the annealing range 
of the high-temperature component. However, 
because of the size of the object, the cooling rate 
on reaching the annealing range of the low-tem- 
perature component must have been appreciably 
slower than the rates to which smaller objects, 
such as ordinary tubing, are subjected in their 
production. Consequently, such a treatment 
should give the low-temperature component an 
intermediate annealing, but should leave the other 
component in a highly compressed condition. 

The density of the glass on reaching atmospheric 
temperatures in a condition such as this will appre- 
ciably exceed that found after treatments (a) and 
(b). Density determinations made on a similar 
glass that had received a treatment not unlike that 
being discussed were presented in a previous 
publication [2]. 

The expansion curve following treatment (d) 
resembles that described under treatment (c), but 


the rapid expansion is somewhat greater. The 
endothermic effect of the low-temperature com- 
ponent is relatively definite, although decreased 
somewhat by the following exothermic effect of 


the other This decrease 
because the two effects tend, as usual, toward 


Having been chilled, the 


component. appears 
mutual obliteration. 
high-temperature component contributes only a 
small endothermic effect. Curve 2 of figure 1 
represents a heating curve of this kind. 

Treatment (e).-If a sample of either of the 
glasses vielding curves 2, 4, and 5 is retreated for 
a very long period at a temperature near the lowest 
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possible effective annealing temperature for g jpy. 
temperature component, this component 
receive a very thorough annealing and will shpip) 
considerably. The other component will rem, 
in a chilled state and will be subjected to a yo 
As a result, the density 
room temperature after the glass receives suc| 
treatment will approximate the highest that | 
glass can attain. However, if the treatmen 
the low-annealing temperature is extended | 
duration of some months, the density will beg 
This decrease deve! 


severe compression. 


to decrease very slow lv. 
because the compressed high-temperature cp. 
ponent, even at such low-annealing temperatuns 
is still capable of freeing itself slowly from (| 
compression despite the extremely high viseos 

of the other component. 

The expansion curve of the glass after bey 
treated as suggested under treatment (e) wil 
similar to those described for treatments (c¢ 
(d), except that the rapid expansion in the 1 
perature range of the endothermic effect of : 
low-temperature component will be still n 
pronounced. (Expansion curves of the vai 
types mentioned are shown in later figures. 
heating curve of this glass will show a very pr 
nounced endothermic effect for the hig! 
annealed low-temperature component, but 
endothermic effect for the high-temperature cow 
ponent will be small as in the case of treatment 
Curve 1, figure 1, is the type of differential heat 
curve obtained after treatment (e). 


2. Second Type of Glass 


Curve 6 of figure 1 is a heating curve obtai 
on glass tubing marketed under the designat 
G702P. As this glass had presumably rece 
no heat treatment except that of a rapid coolinyD 
after drawing, its treatment probably appr 
mated treatment (a), but the curve more nea 
resembles curve 4 obtained after treatment 
The indications of exothermic and endother 
effects in this glass are more pronounced tha! 
ordinary Pyrex glasses. Also, there appears to 
a more definite separation between the annea 
ranges of the two components. In other wor 
the indicated annealing range of the low-temp 
ture component is somewhat lower, and tha! 
the other is somewhat higher in curve 6 that 
curves 1 to 5. The very distinct indication o! 
endothermic effect for the high-temperature ¢ 
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suggests that this component is unusually 
vanized in this glass even after a rapid cool- 
mm high temperatures. The comparatively 
fect may also mean that the composition of 
eh-temperature component in this glass 

materially from the composition of the 
sponding component in ordinary Pyrex 
Bilss€S 

The comparatively marked indications of all 
eat effects in curve 6 suggest that the variations 
1 the rapid-expansion effects and in the density 
anges resulting from differences in treatment will 
so be comparatively large in G702P. As the 
mposition of this glass was doubtless designed 
» produce a somewhat higher expansivity than 
it of ordinary Pyrex, such results are to be 
pected. That is, an increased expansivity in 
1¢ Vitreous-solid condition is usually accompanied 
Vv an increased expansivity for the glass after it 
elinitely becomes a viscous liquid on being heated 
) the annealing range or higher. 


III. Expansion Effects 
Typical Expansion Curves of Chilled Glasses 


Having arrived at specific conclusions relative 
» the expansion effects to be observed as a result 
tests made after a two-component glass is heat 
eated according to different schedules, these 
ynclusions will now be used as aids in interpre- 
ting a great variety of results obtained by a 
bmewhat wider range of treatments and tests. 
hese expansion tests were all made on tubing 
ving an outside diameter of about 12 mm. 
he approximate composition of this ordinary 
rex tubing has been given in a previous publi- 
tion [3], and this composition is not markedly 
fferent from that of the glass used in procuring 
he previously discussed heat effects. The method 
measuring the expansions was also described 
The heating rate used in the 
pansion tests approximated 3° C/min and, above 


that publication. 


0 ©, the cooling rate was not appreciably 
fferent from that of heating. 
Figure 2 presents the expansion curves (both 
Pating and cooling branches) to 600° C for sam- 
es from two pieces of ordinary Pyrex tubing. 
ese samples had received no additional treat- 
before the Consequently, their 
approximated that pro- 
Curves for two samples 


tests. 
on presumably 
treatment (a 


sion Effects in Glasses 








peminane ts BM PER CM. 








708 a 
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TEMPERATURE 
Fr URE x Thermal-ex pansion cycles of two samples of 
ordinary Pyrex tubing. 


Curves 1 and 1’, unbroken lines, heating and cooling branches for samp 


from the glass used in tests represented by figures 3 to 8, and 10. Curves 2 
and 2’, dots and circles, similar branches for sample from glass used in tests 
represented by figure 9. Curve F, representation of contraction probably 


followed as tube was cooling after being drawn. L, The point reached by 


curve Fat ac If the length of the sample at the end of cooling branch 
2’ is considered to have been 1 em, it follows that L= 1.00025 em, approxi- 
mately, was the initial length of the specimen Line EE’ is tangent to 
cooling branches at (00° C. (For a one-component glass, this tangent 
usually indicates approximately the trend of the equilibrium curve 


are presented in order to show the maximum 
variation observed in the heating branches of 
expansion curves obtained on original specimens 
that have been chilled in their production. 
Special chilling treatments of considerable severity 
cause a much more pronounced reduction in the 
rate of expansion than is exhibited by curve | 
between 375° and 535° C. Less severe chilling 
treatments result in curves that resemble curve 
2, which is indicated by dots. In comparing 
curves of this nature, care must be taken to insure 
that the heating rates within the annealing range 
have been the same in the two or more tests. 
For instance, a somewhat higher rate of heating 
in procuring curve 2 could have been the cause 
of an appreciable part of the difference between 
curves 1 and 2. 

In these tests, the samples were held 1 hour at 
the top During this period of 
constant temperature, there was a small expansion 


temperature. 


as the low-temperature component approached 
its equilibrium condition at that temperature more 
closely, and also as the high-temperature com- 
ponent completed the freeing of itself from the 
The 


compression previously imposed upon it. 
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magnitude of this compression when 600° C is 
reached in a heating test depends to a great extent 
on the rate of heating. 

The maximum compression of the high-tempera- 
ture component developed at some time before the 
top temperature, 600° C, was reached in the test. 
This maximum compression derived from two 
Part of it developed during the initial 
cooling from the drawing temperature, and it de- 
veloped because of the comparatively low  ex- 
pansivity of the high-temperature component. 
Obviously, most of this part is automatically 
relieved by reheating to 600° C, if no complicating 
conditions develop. The other part of the com- 
pression developed during the reheating, and it 
developed because the low-temperature compo- 
nent shrunk in the range of its exothermic effect; 
but most of this compression was also relieved 
before 600° C was reached. This relief results 
from the extraordinary expansion of the low- 
temperature component in the range of its endo- 
thernic effect. Consequently, on reaching 600° C 
in expansion tests on chilled samples of these two- 


sources. 


component glasses, very little of the compression 


of the high-temperature component remains ex- 
cept the portion that developed before 600° C was 
reached during the cooling that caused the chilled 
Furthermore, much of this portion 
will also have been dissipated before reaching such 
temperatures if a low heating rate is employed in 


conditions. 


the expansion test. 

The decrease in length from point L to approxi- 
mately zero (about 2 yw/em) resulting from the 
expansion cycle was caused by the partial anneal- 
ing of the low-temperature component. Most of 
this annealing (decrease in equilibrium tempera- 
ture) took place during the cooling from 600° to 
500° C while procuring the cooling branch. The 
shrinkage accompanying this annealing again 
compressed the high-temperature component, but 
to a lesser degree than that which existed prior to 
the test. A lower cooling rate would possibly 
have resulted in a smaller compression, but to 
what extent is uncertain because a lower rate 
develops more shrinkage of the low-temperature 
component as well as allowing more time for the 
other component to free itself from compression. 

Curve 1, 
cycle obtained on a sample of the G702P tubing 


figure 3, represents the expansion 


before it received additional treatment. Conse- 


quently, the discussions presented under treat- 
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Ficure 3. Comparison of the thermal-expansion cycl: 
7702P and an ordinary Pyrex glass. 


Curve 1, cycle for G702P; Curve 2, reproduction of branches 
figure 2 


ment (a) and in section II], 2 apply. As expect 
the expansion effects are much more pronoun 
in this glass than in ordinary Pyrex. Afte 
first expansion cycle, the resultant decreas 
length per centimeter approximated that sho 
by Pyrex (curve 2) under the same conditic 
Considering the greater expansions of Gi) 
this result may seem strange, but a second ¢\ 
on the same sample yielded an explanation 
this test, the heating branch coincided with | 
cooling branch of the first cycle until the ane 
ing range of the low-temperature component \ 
From this point to 600°C, the heat 
branch was steeper than the cooling branch of | 
Therefore, the length of 
sample was about 1.75 » greater than before at! 
top temperature. As a result, the sample | 
practically regained its initial length at the | 
This indicates that 
shrinkage caused by the partial annealing of 
low-temperature component was offset comple! 
by relieving the high-temperature componet! 
the compression imposed on it before the glass! 
reached 600° C during its initial cooling. Enow 
of this offset developed during the first eve! 
prevent an exceptional shrinkage as compare’ 
that obtained on ordinary Pyrex. 

During the 1-hour holding period at 600" 
the second test, there was a slight shrinkag 


reached. 


previous cycle. 


of the second ceyele. 
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an expansion as in the equal holding 
{the previous test. This shrinkage cannot 
ibed to deformation, because the softening 
of both this glass and ordinary Pyrex is 
670° C—if that 
rature at which the rate of collapse of the 


point is defined as the 


ne points supporting the sample and the top 
late of the interferometer equals the rate of 


pansion while heating at a rate of 3° C/min. 


his shrinkage, resulting from a slight over-expan- 
on developed in heating to 600° C for the second 
me, corresponds to the possible effect that was 
entioned in the last paragraph under treat- 
Doubtless, the high-temperature component, in 
eeing itself from the compression that developed 
wove 600° C during the cooling after the drawing 
the tubing, contributed appreciably to the rapid 
pansion between 500° and 600°C in the heating 
anch of curve 1. However, most of this very 
rge expansion is the result of the comparatively 
ch expansivity of the low-temperature compo- 
‘nt in its liquid state and of the superheating 
iposed on this component after it passes through 
1 equilibrium condition at a temperature near 
vat of the minimum of the curve. This expan- 
on developed at the rate of about 0.314/(em, 
. (), whereas the corresponding rate for ordi- 
iry Pyrex is about 0.14. 
x rate of heating and are even larger for most 


These rates depend on 


‘dinary glasses. 

The rate of contraction between 600° and 500° 
, as indicated by the cooling branch of curve 1, 
This rate is 
wer than the expansivity of the low-temperature 


yproximates 0.15 w/(em, deg C),. 


mponent as a liquid because there is some under- 
ling (departure from the equilibrium curve), 
en When cooling at a rate of 3 deg. C/min, and 
s0 because of the lower expansivity of the high- 
mperature component. For ordinary Pyrex, 
le contraction rate of the cooling branch under 
milar conditions is about 0.08 yu/(em, deg. C). 
fter considering both the apparent rates of ex- 
on and contraction and the general appear- 
ces of the curves above 500° C, it is estimated 
the expansivities of the low-temperature 
ponents in the liquid phase are (in the above 
about 0.24 for the G702P and 0.09 for the 
ry Pyrex, provided the effect of the high- 
ature component is ignored. 


ared to the above expansivities for the 
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liquid phases of the low-temperature components, 
the expansivities for the glasses in the vitreous 
solid conditions at 100° C are (when expressed in 
the same units) about 0.039 and 0.034 for G702P 
and ordinary Pyrex, respectively, before the glasses 
receive any heat treatment. Long periods of 
treatment at 450° C reduce these expansivities at 
100° C to about 0.035 and 0.031, respectively. 


2. Reversal from Contraction to Expansion by 
Chilled Glass at Constant Annealing Tempera- 
tures 


In figure 4, curves A and B represent the first, 
and curves C and PD the second, expansion cycle 
on a previously untreated sample of ordinary 
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Figure 4. Thermal-expansion cycles to 500° C. 


Curves A and B, heating and cooling branches of first ceyck Curves ¢ 


und J), same for second cycle. Holding periods for contraction at constant 


temperatures were 2 hours for each cyck A reversal from contraction requires 


1 much longer total holding period 


Pyrex tubing. In these eycles, the top tempera- 


ture was 500° C, and the holding period was 2 
hours in each case. Throughout the 4 hours of 
treatment at this temperature, the contraction of 
the low -temperature component completely over- 
shadowed any expansion caused by the other 
component as it freed itself from compression. 
According to experience gained in procuring data 
for the previously mentioned [2, 3] curve showing 
the change in density with change in treating 
temperature, a treating period of not less than | 
day would be required before these opposed effects 
became balanced so that the contraction ceased. 
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The two cycles shown in figure 5 were obtained 
under conditions like those mentioned in connec- 
tion with the previous figure, except that the 
holding temperature was 525° C. In this case, 
the 2-hour holding period of the first cycle was 
more than sufficient to reach a balance between 
the contraction and expansion of the low- and 
high-temperature components, respectively. Con- 
sequently, the glass began to expand at a slow 
rate before the end of the holding period of the 
first cycle. This expansion continued during the 
second cycle, and the cooling branch D would 
have been brought closer to branch A than to 
branch B in the range of atmospheric temperatures 
if, in procuring branch PD, the cooling rate had 
been increased greatly and the holding period at 
525° C had been made as long as those required 
to establish an equilibrium condition at this 
temperature in the previously mentioned density 
experiments. The possibility of this change from 
contraction to expansion during an annealing 
treatment (as shown in figs. 5 and 6) was discussed 
under treatment (a), section IT. 
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Figure 5. Thermal-expansion curves to 525° C. 


Curve designations have same significance as in figure 4. Holding periods 
2 hours for each cycle. Reversal takes place during first cycle. 


When the holding temperature was raised to 
550° C without other change in the test conditions, 
the results shown in figure 6 were obtained. In 
this case, there was a change from contraction to 
expansion before the first holding period of 2 hours 
was half over. Moreover, branch C of the second 
cycle shows that the freeing of the high-tempera- 
ture component from compression was renewed as 
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Ficure 6. Thermal-expansion cycles to 550° C 
Curve designations same as in figure 4. Holding periods, 2 hour 


cycle. Inset is an enlargement to show reversal more clearly. 

the glass was heated from 530° to 550° C and wx 
continued throughout the second holding per 
at the latter temperature. In normal glasse: 
which there is practically no indication of | 
freeing effect, branch C remains below branch } } 
Had the holding period of the second cyele be 
increased to 3 or 4 days, as in the previously me 
tioned density experiments, and had the cooling! 
rate been made high enough to chill the |ov- 
temperature component severely and thereby 
prevent that part of its contraction which « 
approach to equilibrium at temperatures belw 
550° C causes, branch D would have been abow| 
branch A. That is, the treatments provided br] 
the two tests would have lengthened rather th 
shortened the sample tested. 

The initial contraction during the first hole jf 
period at 550° C shows that the low-temperatur) 
component was still approaching equilibrium fr | 
a condition corresponding to a higher temperatur | 
This contraction effect in a normal glass does | 
cease until branch A cuts the equilibrium curv 
It is estimated that an extension of branch A (fig! A 
to approximately 560° C would have been requ | 
before such an intersection was reached. Curve 
4 and 5 of figure 1 indicate about the same temp: 
ature because the exothermic effects, attribul 
to the low-temperature component, end in |! 
This estimate places the in 
section almost 30 deg C above the intersection 
curve 1 with curve EE” in figure 2. Howe' 
EE’ is merely the approximate slope of the exp” 


Pe Ba perrty: 


neighborhood. 
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nd contraction curves in the neighborhood 

C. which was found to be the lowest 
ature at which heating and cooling curves 
hiained by using rates of 3 deg C/min still coin- 
' For a normal glass, this 


approximately. 
nt usually approximates the equilibrium 
as determined by dimensional measure- 
i ents. Apparently, a two-component glass has 


o such fairly definite equilibrium curve. 
k 3. Overexpansion Effects 
Raising the holding temperature to 575° C 
ithout any other change in the test conditions 


In this test, 
e low-temperature component on the first heat- 


ielded the curves shown in figure 7. 


“LE 


»¢ (branch A) crossed its equilibrium curve near 
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TEMPERATURE 


Figure 7. Thermal-eapansion cycles to 575° C. 


lesignations same as in figure 4. Holding periods, 45 minutes for 


e. No contraction at this temperature. The practical completion 

t pansion would require less than | day. 
0° C and became superheated to an unde- 
_ lermined degree. The degree of superheating is 
icertain because, as indicated above, the loca- 
m of this equilibrium curve is undetermined. 
1 becoming superheated, the low-temperature 
mponent no contracts, but instead, 
Pins to expand rapidly before 575° C is reached. 
the same time, the increased deformability 
ows the high-temperature component to free 
elf more rapidly from compression and, there- 
to add materially to the rate of expansion. 
1 reaching 575° ¢ 


longer 


’, some superheating and com- 
ession still remained to contribute an expansion 
brine the holding period. This delayed expan- 
) tinued even during the second holding 
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period and had not been completed after a total 
holding time of 1 and ‘s hours. Had it been com- 
pleted and had the cooling rate of the second cycle 
been very rapid, branch )) would have remained 
well above branch A throughout its whole course. 
Completion of this expansion during the holding 
period of the first cycle would have caused an 
over expansion to take place during the second 
heating, and a small contraction would have re- 
sulted during the second holding period at 575° C. 
As mentioned under treatment (c), a sufficiently 
long holding (or annealing) period at tempera- 
tures in the upper part of the annealing range of 
the low-temperature component results in such 
contraction effects on the second heating to the 
holding temperature. 

This overexpansion effect appears in the second 
cycle of figure 8, which shows the curves obtained 
by tests in which the holding temperature was 
600° C. The relatively high deformability of the 
low-temperature component at this holding tem- 
perature allowed the delayed expansion to be 
practically completed during the first holding 
period. This completion sets the conditions for 
an overexpansion during the succeeding cycle. 
As long as devitrification does not develop, the 
point approached by the expansion and contraction 
of the first and second holding periods, respec- 
tively, is a point on the equilibrium curve of the 
glass as a whole. 
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Fictre 8. Thermal-expansion cycles to 600° C, 


Curve designations same as in figure 4. The delayed expansion was prac- 
tically completed during the holding period of 45 minutes in the first cyck 
Che overexpansion developed during the second heating caused a contraction 


during an equal holding period of second cyck 
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It is only at holding temperatures in the range 
from about 575° to 650° C that overexpansion 
effects are observed, and they do not appear at 
such temperatures unless the high-temperature 
component has first been freed from compression 
at temperatures well below the proposed holding 
temperature. Also, these effects are never very 
marked unless the low-temperature component 
has first been brought to equilibrium at tempera- 
tures 575° C. However, reducing the 
equilibrium temperature below 500° C_ will 
seldom result in such an effect unless the high- 
temperature component has been freed from com- 
pression by treatment at a higher temperature. 
The overexpansion effect is not observed at hold- 
ing temperatures below 575° C in this glass, 
because the rapid expansion effect does not begin, 
even in a well annealed sample (see curve A, fig. 
11), until temperatures near 550° C are reached. 
It is not observed above 650° C because the 
deformability has become so great in that range 
that all delayed expansions and contractions are 
practically completed before that temperature is 


below 


reached. 

The samples used in the expansion tests so far 
discussed were not in the condition required to 
develop an overexpansion on the first heating be- 
cause none of them had received any treatment 
except the rapid cooling following the drawing of 
the tubing. Moreover, the holding temperatures 
were in the range of possible overexpansion in 
only three cases (figs. 2, 7, and 8). The expan- 
sion curves presented in figure 9 show some of 
the treatments (all followed by rapid cooling) that 
result in delayed expansions, on the one hand, and 
in overexpansions, on the other, when the samples 
receiving these treatments are subjected to a first 
expansion cycle with 600° C as the holding tem- 
perature. From the curves and the data presented 
in the legend it will be noted that the treatments 
resulting in delayed expansions (curves 0, 1, 2, 8, 
9, and 10) at the holding temperature fall into two 
categories: (1) those that allowed neither the 
freeing of the high-temperature nor the annealing 
of the low-temperature component (because the 
treating temperatures were too high), and (2) 
those that allowed a rather thorough annealing of 
the low-temperature component but no freeing of 
the other from compression (because the treating 
temperatures were too low). The treatments re- 
sulting in overexpansions (curves 3 to 7) were all 
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Ficure 9, Expansion er contractions shawn at 600° ( 
number or differently treated samples. 


Curves divided into two assemblages (I and II) to avoid 
Numbered curves are heating branches. Curve R, cooling branch cor 
all cycles in both assemblages. Curve G, (both assemblages) estimat 


of common cooling branch from 600° C if cooling rate had been very | 


equilibrium had been establshed at that temperature. Curve FJ 
duced from figure 2. Holding periods, 45 minutes. According to th 
the samples tested fall into two fairly distinct groups. Group 

showing delayed expansions on reaching 600° C, curves ©, 1, 2, 5, 4 


rreatments of corresponding samples: 0, untreated (see curve 2, { 
treated 2 months at 450° C; 2, 2 months at 475° C; 8, 2 hours at 7 
hour at 725° C; and 10, | hour at 750° C. Not included in figur 
treated 6 hours at 675° C, curve between 7 and 8. Group 2, samples 
overexpansion and resultant contraction on reaching 600° C, curv 


inclusive. Treatments of corresponding samples: 3, 2 months at * 


5, 9 days at 550° C; 6, 7 days at 575° C; 7, 3 da 


1, | month at 525° C; 
C. Not included in figure: Sample treated 28 hours at 650° C, cur 

7 and 8; also one treated 3 days at 690° C; curve between tiand 7. A 
treatments followed by rapid cooling 
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© Se MRE: 


opt RENEE, 


ge eC GN - 


intermediate, as the treating temperatures rane) 


from 500° to 625° C. The maximum effects ® 
sulted from the treatments at 550° and 57) | 
(curves 5 and 6) as should be expected from 
previous discussion. In all of these tests 
annealing caused by the heating required to”) 
tain an expansion curve has an appreciable elle) 
Had this not been true, it is improbable that! 
treatment at 625° C (curve 7) would have resu 
in an overexpansion effect. 

Figure 10 presents examples of the clock 
cycles mentioned under treatment (¢) in see! 
Il. Asin the regular tests, the heating and coo 
rates for these short or secondary cycles were # 
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Figure 10. Clockwise expansion and contraction effects between 580° and 620° C. 
A ts indieate, one minor cycle was interposed between branches 1 and B of the first major cycle and another between branches C and D of the second 
though the second minor cycle is omitted from the primary graph. In normal elasses, minor cycles within the annealing range are always counter 


(min, although control of the rates is rather 
The hold- 
periods at the end temperatures (580° and 
°C) of these cycles were about 45 min, although 
lh longer and shorter periods were sometimes 


ficult when the cycles are so short. 


d. At the lower end of the cycle this period is 

short to complete all of the molecular read- 
tments and attendant expansion required to 
ablish equilibrium at that temperature. How- 
r, at the upper temperature the period of 45 


1 appeared to be long enough to establish 
librium. Apparently, these clockwise cycles 
be repeated any number of times without any 
mificant 


change in their form except some 
nges that can be ascribed to a lack of perfect 
htrol of the heating and cooling rates. Also, 


eating the eyeles causes no appreciable change 
he length of the sample if its length is always 
isured at some temperature near 600° C where 
librium can be easily established before the 
fsurement is made. 


Expansion of Annealed Glass at Constant 
Annealing Temperatures 


~ shown in previous publications [2,3], the 
hes! density obtained for an ordinary Pyrex 


reached when it was treated several 
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weeks at 450° C after it had been chilled from a 
high temperature. However, a slight decrease 
from the maximum density was noted when the 
treatment increased to several months at 
450° C, 


from contraction to expansion (as shown in figs. 


was 
This decrease suggests that the reversal 


5 and 6) also takes place at this low annealing tem- 
perature whenever the treatments are extended 
sufficiently. Any normal glass, after it has been 
brought to a high density by being reduced to 
equilibrium at a very low annealing temperature, 
expands whenever it is retreated at a higher tem- 
This expansion until the 
equilibrium curve is again reached, and the rate of 


perature. continues 
expansion depends on the mobility of the glass and 
the extent of the departure from equilibrium. 
Two-component glasses also expand under such 
conditions, except in those cases in which an over- 
expansion has been developed. 

Figure 11 is presented to show this expansion 
and the change in rate of expansion when a. an- 
nealed ordinary Pyrex glass is held at different 
temperatures. The samples used in this test were 
treated at 450° C until the maximum density for 
that temperature was approximated. However 
the preceding chilling treatment of these samples 
was not that which followed the drawing of the 
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Expansions of an ordinary Pyrex tubing at 
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Figure 11, 
various temperatures after pretreatment described below. 


The pretreatment consisted of a very rapid cooling from 675° C followed by 
an annealing of 74 days at 450° C. Curve A represents the heating branches 
of the expansion cycles for all samples. The vertical lines at the holding 
temperatures, as designated by the sample numbers, represent the delayed 
expansions (or contractions) during the holding periods. The holding tem- 
peratures were 450°, 475°, 500°, 525°, 544°, 575°, 600°, and 625° C, and the 
holding periods were 6 hours at temperatures | to 6, 5 hours at temperature 7, 
and 15 minutes at temperature 8. The broken curves numbered for the 
samples are the cooling branches. Curve @ is the probable trend of the cooling 
branch for samples 4, 5, and 6 if they had been annealed until the completion 
of their delayed expansion and cooled very rapidly. Curves F and EE’ 
reproduced from figure 2 after an arbitrary and immaterial shift in their 


ordinates. Significance of points L, Z,, and Le, and Ls discussed in text 


tubing, as they had all been used in some of the 
To bring them to a 
uniform chilled condition prior to the final pro- 
longed annealing treatment at 450° C, they were 
heated for 6 hours at 675° C. This temperature 
is near the upper limit of the range of intermediate 
treating temperatures from which chilling treat- 
ments were found to set up conditions that are 


tests previously described. 


conducive to overexpansion effects even if such 
treatments are followed by no other annealing 
than that imposed by the heating necessary to the 
expansion test. In view of the treatments re- 
ceived during the previous tests and the long an- 
nealing treatment which followed the chilling 
treatment from 675° C, the slight over-expansion 
effects shown at the holding temperatures 600° 
and 625° C 
(See fig. 9 also.) 
poimt 1, 


in figure 11 do not seem unreasonable. 
Curve A, from the beginning to 
is the common heating branch for all of 
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the tests from 1 to 8. 


vertical lines represent the expansions (or » 


tractions) at the corresponding treating tJ 
The cooling branches are represen 


peratures, 
by the broken curves 2 to 8. 
The expansions that developed during a ho)\y 


period of 6 hours at the various holding tempe) 
C show graphically \y 


tures from 450° to 575° 


the rates of expansion vary. Had _ the hoki 
periods been extended sufficiently, the expansig: 
at all of these temperatures would have 
above the curve FE’. In fact, experience 
shown that a holding period of 6 hours is suffi 
to cause the completion of only about two-thy 
of the possible expansion even at 575° C. Cy 
G and the point /, also indicate that the expan: 
at this temperature was not completed. Cu 
G is not experimental but was drawn on the assi 
tion that the slope of a cooling curve resv)) 
from a very rapid cooling would have 
throughout the length of the curve, practi: 
the same as the slope of the actual cooling br 
in the neighborhood of 200° C. According to 
previously mentioned investigations [2, 
density changes, L;,— JL, is the increase in lew 
that should occur if the expansion at 575° ( 
been completed. Apparently, completion o! 
expansion in test 6 would have caused curve ( 
pass very close to Ls. 

From the same results [3] on density chan 
L,.— L, represents the expansion that should o 
at 500° C when the holding period is 
sufficiently long. Apparently, the expansic 
this temperature (curve 3) was about one-! 
completed in 6 hours. Excepting an imma! 
shift in their ordinates, point L and curves / 
EE’ were introduced into figure 11 directly | 
figure 2. Consequently, L—JZ, should repre 
the contraction in length caused by the prepar' 
annealing at 450° C after the chilling from 6 


However, this change in lengtm was also comp." 


from the previously mentioned results on des 
It is obvious that 1, was arbi 
made to coincide with the origin of cur 
Consequently, when considered as represen: 
length, LZ, must be assigned the magnitud 
cm because the data for the expansion curves 
reduced to expansions per centimeter of th: 


changes. 
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From point 1 to point 2 , 
is the same for all tests above number 1, and ew. 
as each treating temperature is reached, ‘1, 


, 4 PER CM 


EXPANSION 








the samples. The ordinates of figure 2 

the expansions per centimeter of the 
ollowing the test. These differences, in 
hod of computation and in the conditions 
samples assumed to have unit length, ac- 
for the difference in the ordinates of point 
| of the curves F and FE’ as shown in figures 


. Expansion Effects in Second Type of Glass 


Figures 12, 13, and 14 represent some of the 
ansion data procured on samples of the glass 
02P. These results were obtained under the 
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Figure 13. Thermal-erpansion cycles of G702P glass to 
525° C. 
Curve designations, pretreatment, and holding periods same as in figure 12 
Compare these curves with those for an ordinary Pyrex glass in figure 6 
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Thermal-expansion cycles of G702P glass to 
500° C. 


is in figure 4. No pretreatment. Holding 
Compare these curves with those in figure 5 








Tcurcndtee 

hditions that applied when the expansions shown Ficune 14. sRermab-qnpanston ae af ae Gee ae 
igures 4, 5, and 6 were procured on samples of oe 

inary Pyrex. However, it will be noted that pin ge Rtg OB to Ea 


Compare these curves with those for an ordinary Pyrex glass in figure 7 





se curves for G702P correspond more closely to 


1 


se shown in figures 5 to 7. Consequently, it IV. Discussion 
that the annealing range of the low- 


ire component of the G702P glass is 


> deg. C lower than that of the same com- 


1. Precision of the Data and the Adequacy of 
Their Representation by the Curves Presented 
ordinary Pyrex glass. That this differ- In procuring the data for the curves showing 

ld be found was evident from the curves — heat effects and for those showing expansions, 


and 3 observations were taken at = intervals seldom 
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greater than 10 deg. C change in temperature. In 
the critical ranges, the intervals were often as small 
as 2 deg. C. In the case of figure 1, trebling the 
thickness of the curves would have covered practi- 
cally all of the observed points. Repetition of the 
tests always showed some variation in the results, 
but most of this variation was directly attribu- 
table to the difficulty of exactly duplicating the 
rate of heating. 

The same difficulty was encountered in deter- 
mining expansions (or contractions) in the critical 
ranges where any variation in elapse of time 
affects the results. However, the uncertainties 
caused by inadvertent failure to duplicate the 
heating and cooling rates are generally insignificant 
in those cases where no more than two eveles are 
considered. When only two eveles, such as those 
in figures 4 to 8, were procured, the two tests were 
made without removing the sample from the 
furnace and the approximate duplication of test 
procedure was accomplished with the least diffi- 
culty. Furthermore, the matching of several 
curves procured on a number of different samples 
and by a series of tests that required several weeks 
for its completion was not required as in figures 9 
and 11. 
suspected variation in heating rate within the 


The change caused by a small and un- 


critical range could cause a change in the order of 
some of the curves shown in figure 9. Excepting 
the lower half of the cooling branches, the expan- 
sion curves as drawn usually represent the observed 
points almost as well as the curves in figure 1. 
Even in the cooling branches, the worst deviations 
from the ‘curves as drawn were roughly +0.5x. 
Although about one-half of the observed points 
are omitted, curves 2 and 2’ present a fair sample 
of the usual set of observations. 


2. Significance of the Results 


It is believed that the expansion data presented 
here fully support the idea that the glasses in 
question are two-component glasses. Originally, 
this idea was based almost entirely on the peculi- 
arities of the exothermic and endothermic heat 
effects that they showed when heated. As a 
result of this attempt to coordinate the peculiari- 
ties of the expansion effects of these glasses, it now 
appears that the expansion data present a rather 
clear picture of the manner in which the compo- 
nents of these glasses react upon each other during 
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heating, cooling, and annealing procedure ——_T\,., 
seems to be no indication that the compo nents », 
immiscible. It rather, that hey 

mutually bound in a rather close association. » 
that the glasses behave as if made up of (wo op.f 


seems, 


ponents because one constituent is present in sy 
an excess that some, but not all of it, is sufficoet 
to form a continuous spatial network that extey 
throughout the whole body of the glass. [f; 
abundant constituent, with some aid from 4 
other constituents, forms a sufficiently dense yf 
work, it appears that this network alone takes 
the character of an overdistended vitreous soli 
the presence of the other component that is » 
up of that part of the constituents not include 
the network, is ignored. 

However, the unincluded part of the constituen 
also forms a network that has the properties o/ 
distended vitreous solid. Such a picture of | 
constitution of two-component glasses «oes | 
require the concept of immiscibility, even th 
the chief constituent of the high-temper: 
component can be reduced to the crystalline )) 
by suitable heat treatments [4, 9]. 


V. Summary 


The thermal expansion data presented a! 
appear to confirm the previously expressed |) 
that some borosilicate glasses that contain « 
percentage of silica are essentially two-compo! 
glasses. 

One of these components becomes a pract 
rigid and continuous framework that ext 
throughout the body of the glass before 600) 
reached on cooling. 

This high-temperature component is inte! 
by the other component that is still so inelasty 
deformable at 450° C that its state above 5) 
is definitely that of a liquid glass. 

The expansivity of the low-temperature 
ponent is so much higher than that of the «' 
that the latter suffers appreciable elastic comp 
sion whenever the glass is cooled and, under | 
cooling, this compression begins at rathet 
temperatures because even the low-temper' 


component acts as a solid when cooled rapid!) 

Because of the additional contraction of th 
temperature component whenever it is snl 
the extraordinary compression of the high 
perature component is greatly accentuate 
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treatments at temperatures below 
ing treatments at temperatures between 
00° C ultimately allow the high-tem- 
ymmponent to free itself from the extra- 
compression because such temperatures 
e the viscosity of the low-temperature 
nt that this component flows under the 
exerted by the compressed component. 
iwlizing the compression of the high-tem- 
ire component causes the glass as a whole to 


rit 
pand to such a degree that its specific volume 


ter a thorough annealing at 550° C is greater 


an after a long annealing treatment at 450° C 
ul is also greater than after a thorough annealing 
00° Cif the latter treatment is followed by a 
pid cooling to the standard temperature for 
‘nsity determination. 

The mechanical processes (the building up of, 
ul the relaxation of, elastic molecular strains) 
tween the two components also cause a number 
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of more-or-less minor effects that are discussed in 
some detail. 
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Cavity Pressure Method for Measuring the Gain 
of Hearing Aids 
By E. L. R. Corliss and G. S. Cook 


A cavity pressure method for measuring the gain of hearing aids has been developed. 


It has the advantage of requiring no ‘‘dead”’ room, allowing a compact setup. 


The method 


has been investigated as to its validity and the degree to which diffraction effects are avoided. 


Comparisons with free-field data are made. 


The applicability of results obtained by this 


method to the specification of gain characteristics for hearing aids is discussed. 


I. Introduction 


The gain of a hearing aid is a numerical quantity 
pressing the degree of amplification that the aid 
ll provide. Knowledge of the gain of a hearing 
| is of importance to both manufacturers and 
ers, as the gain largely determines the degree of 
Although 
e performance ofa hearing aid depends on other 


aring loss that can be compensated. 


tors, such as the presence or absence of har- 
mie distortion, and its suitability involves such 
nsiderations as durability, battery economy, and 
en size, a hearing aid is fundamentally a device 
amplifving sound waves. Hence the degree of 
iplification, or gain, of a hearing aid is a quan- 
y that is always taken into account whenever 
e performance of the instrument is evaluated. 

The procedure of measurement in general use 
present! involves exposing the hearing aid to 
ound field set up in a free-field, or “‘dead”’ room. 
is isa room that must be sensibly free of echoes 
To that end, a room 
large volume is constructed, the walls of which 


standing sound waves. 


‘covered with a material having a high sound- 
Dsorption coefficient. The room must also be 
« of extraneous sound disturbances, necessitat- 
a sound- and vibration-isolating type of struc- 


The construction and maintenance of such 


TOOM is expensive, 


technique to be described in this paper was 
in an effort to avoid the use of a dead 
it is an easily standardized procedure by 
for measurement of performance of hearing aids, by 

g Aid Association, J. Acous. Soc. Am. 17, 144 (1945) 


t Hearing Aids 


means of which the sound pressure applied to the 
hearing aid may be determined. No specially 
treated room is required, although the location 
should be reasonably quiet. 
ment can be set up on an ordinary laboratory 
table. 
the source cavity, which may be built in the aver- 
The method has the additional advan- 
tage of being readily adaptable to a recorder 
By the use of two matched amplifier 


The measuring equip- 
The only special construction involved is 
age shop. 


technique. 
systems, the sound pressure that is applied to the 
hearing-aid microphone and the sound pressure 
generated by the receiver can be recorded simul- 
taneously. The relative freedom from diffraction 
effects is of great assistance in permitting the 
evaluation of the combined microphone, amplifier, 
and receiver performance, as distinct from the 
characteristics of the hearing aid when it is worn 
under various conditions. 


II. Measurement of Gain 


The actual gain of a hearing aid may be defined 
as the ratio of the sound pressure produced by the 
receiver in the ear canal of the user to the sound 
pressure incident at the face of the microphone. 
The gain varies with the frequency of the incident 
sound, and depends not only on the intrinsic 
properties of the aid, but is also affected by the 
acoustic impedance of the user's ear. 

If results found at various times for different 
hearing aids are to be comparable, the measure- 
ments must be made in a standardized way. The 
use of a coupler to represent the ear canal and to 
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measure the acoustic output of a hearing-aid 
receiver has been generally accepted. The pres- 
sure gain of a hearing aid may be defined as the 
ratio of the sound pressure in whatever receiver 
coupler is used to represent the ear canal to the 
sound pressure at the diaphragm of the micro- 
phone. The pressure gain approximates the 
actual gain only to the extent that the receiver 
coupler represents, in volume, shape, and impe- 
dance, the average ear canal. However, there 
appears to be significant agreement between the 
pressure gain and the gain as it appears to the 
user of the aid. 


III. Comparison of Free-Field and Pressure 
Techniques 


In the gain measurements to be described in 
this paper, the sound pressure generated by the 
hearing-aid receiver is measured by placing it on 
an “artificial-ear’’ coupler of 2-cm® volume. This 
coupler is employed in both free-field and cavity 
methods. The coupler is similar to the 2-em* re- 
ceiver coupler designed by Romanow,’ except for 
the addition of a small capillary leak, which pre- 
vents a building up of pressure in the coupler 
when the receiver of the hearing aid is sealed on 
to it. The sound pressure at frequencies used in 
testing hearing aids is not affected appreciably 
by the leak. 

The technique commonly used for applying the 
input sound level is to expose the hearing-aid 
microphone to sound pressures in a free field. The 
sound field is arranged to approximate a plane 
wave incident upon the microphone in a direction 
perpendicular to the plane of the microphone dia- 
phragm. The free-field sound pressure is meas- 
ured (with the hearing aid removed) at the point 
in the field in which the hearing-aid microphone 
is to be placed, and is taken to be the input 
sound level. 

In the cavity procedure the hearing-aid micro- 
phone is placed on a source cavity in which sound 
pressures are produced by a dynamic speaker and 
measured by means of a calibrated condenser 
microphone. As in the free-field method, the 
output of the hearing-aid receiver is measured on 
the 2-cm* coupler. The cavity method must be 
used under conditions such that the pressure in- 


? F. F. Romanow, J. Acous. Soc. Am. 13, 294 (1942 
ing the performance of hearing aids 


Methods for measur- 


86 


dicated by the measuring microphone j- subs. 
tially the same as the sound pressure applied ; 
the hearing-aid microphone. 

The free-field gain of the hearing aid is thy 
of the sound pressure produced in the pe 
coupler to the sound pressure in the free fie) 
the locus of the hearing aid, with the hearing 
removed. Expressed in decibels, it is the «ig 
ence between the sound-pressure level pro 
in the receiver coupler and the sound-pres 
level incident at the location of the hearing y 
the free field. In the cavity method, the pres 
gain is the ratio of the sound pressure devel 
in the receiver coupler to that in the so 
cavity, and is expressed as the difference in de 
between the sound-pressure level in the ree 
coupler and the sound-pressure level measur 
the source cavity. 

Neither of these methods yields an acey 
representation of the actual gain of the hes 
aid. In actual use, the sound is ineident 
hearing aid worn on the user’s body; it may 
worn out in the open, or under one or more la 
of clothing. Furthermore, the impedance o! 
receiver coupler is only a rough approximatio: 
the impedance of an actual human ear, and 
sound pressure developed in the ear of th 
depends on his ear mold and the volume of his 
canal. However, both free-field and cavity me 
ods do serve to indicate the general gain charac’ 
istics of the hearing aid being measured. 


IV. Experimental Results and Discussixf 


The design of the source cavity is show 
figure 1. Because it is impractical to measure! 
sound pressure with the measuring micropli 
directly at the face of the hearing aid microphe 
a symmetrical arrangement is used to achieve | 
condition in effect. The face of the measw 
microphone is placed opposite the face of | 
hearing-aid microphone at an equal distance {n 
the axis of the source tube The transys 
dimensions of the cavity have been kept 
minimum in order to keep the first transver 
mode of the cavity outside the range of freque! 
for which the gain of the aid is to be determi 
The first transverse resonance of this cavity \ 
terminated at the hearing-aid opening with a! 
plate is at about 6,800 cycles per second. | 
diameter of the hearing-aid opening of the c 
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DIAGRAM 
Fieure 1. Cr 
s about the same as that of the usual hearing-aid 
microphone, 

The computation of gain from data obtained 
wv the cavity technique involves the assumption 
hat the sound pressure indicated by the measur- 

¢ microphone is the same as that applied to the 
microphone of the hearing aid. The extent to 
vhich this assumption is valid under various con- 
litions can be inferred from the data in figure 2. 

The results plotted in figure 2 were obtained by 
ubstituting another condenser microphone for 
he hearing aid. This microphone was mounted 
n brass fittings by means of which the plane of the 
liaphragm could be set at various fixed distances 
These 


listances from the plane of the cavity opening 


rom the plane of the cavity opening. 


vill be referred to in the succeeding discussion as 
‘ollsets”. The brass fittings provided a series 
f offsets ranging from a nearly flush closure of the 
‘avity to an offset greater than the total thickness 
{ most hearing aids. The diameter of the offset 
ittings was the same as that of the cavity. 

It is evident that if care is taken to set the 
istrument on the cavity so that the face of the 
wariig-aid microphone is as close as possible to 
he ea 


htrod 


vily opening, no significant error will be 
ced. The error may be kept to less than 
| the high-frequency end of the range. 
cts of cavity sound pattern will not be 

iless a hearing aid with a deeply set 
one is being measured or unless the sealing 


Hearing Aids 


OF 


oss section o 


— 
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\ 2cc Cavity’ 


| 

—s 
a 

__\CONDENSER 

MICROPHONES 

Setue 

cavity. 

in 


thick. Variations 


definitely traceable to cavity pattern are not 


gasket is made too gain 
usually encountered, even where they might be 
expected This may be due to the damping of 
the cavity resonance by the resistance and leak 
produced by the grill-work of the aid. 

As the cavity method involves only the face of 
the microphone, the pressure gain may be expected 
to show less dependence upon the shape of the 
hearing-aid case than would the free-field gain. 
This inference is confirmed by the results shown 
in figure 3. For these data, cavity pressure and 
free-field responses of a commercial hearing-aid 


of 


micro- 


microphone were measured. Measurements 
the unmounted 
phone, and also on the microphone when it was 


response were made on 
mounted in two hearing-aid cases differing con- 
All other components of the 


hearing aids were left in place, and the microphone 


siderably in size. 


leads were brought out through the receiver plug. 
This was intended to simulate the actual mount- 
The data 
presented in figure 3 were obtained for a micro- 


ing of a microphone in a hearing aid. 


phone cartridge of the type that is provided with 
an grillwork. This 
type was chosen for graphical presentation because 


integral pinhole-and-cloth 
its generally flat response and the protected mount- 
ing of its diaphragm make it possible to show 
directly the diffraction introduced by the cases 
The 


also made on an ordinary crystal microphone with 


and = grillworks. same measurements were 
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Figure 2. Sound pattern iv source cavity. 


Effects of off-setting microphone from flush closure. 
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RESPONSE 


FREE FIELD METHOD 


Figure 3. 


Crystal microphone , unmounted 


a bare foil diaphragm. Mounting this type of 
microphone in a case depresses and broadens its 
The results of measurements on 


with results 


resonance peak. 
this type of microphone agreed 
obtained on the microphone of figure 3, but the 
lifferenees were not so obvious because of the 
arger effect of the mounting on the resonance peak 
f the microphone. 

In free-field and cavity methods alike, changes 
in r.casured response appear when the microphone 
s mounted in a hearing-aid case. The changes 
ntroduced by the case are greater in the free-field 
neasurements because the total size of the case 


fleets the free-field The 
rillwork affects the measured response in both 


diffraction pattern. 
ree-field and cavity techniques, but the effect is 
10t very large. From figure 3 it can be seen that 
he changes introduced by the case in the cavity- 


As 


pressure method are generally less than 5 db. 


hreshold measurements are usually made to no 


Freater precision than 5 db—the smallest step on 


ain of Hearing Aids 


2 
FREQUENCY -KC/S 


Effect of hearing aid case on apparent microphone response. 
: q I I I 


. in small case , in large case. 


most audiometers—this variation does not seriously 
affect the usefulness of the gain data. 

Figures 4, 5, and 6 show the gains of three com- 
mercial hearing aids on which both free-field and 
The agreement on 
The differences 


cavity data were obtained. 
general characteristics is good. 
are chiefly due to diffraction effects and are small 
compared the of the gain 
characteristics produced by the receiver response. 


to peculiarities 


an extra resonance is seen to be 
about 


In figure 5, 
present in the cavity measurement at 
2,400 cycles per second, which was not found in 
the free-field results. 
to be due to cavity pattern or a possible coupling 
between the space behind the grillwork and the 
cavity volume, but the results of further free-field 
measurements seem to show that it was an insta- 
bility in the hearing aid itself. Free-field measure- 
ments have been made on the same instrument 
subsequent to the data from which this curve was 
drawn that exhibit the same peak as that found in 
the cavity measurements. 


This was at first supposed 
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Ficture 4 Gains of commercial hearing aid on which both free-field and cavity data were obtained. 
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Ficure 5. Gains of commercial hearing aid on which both free-field and cavity data were obtained. 
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Fieure 6 


V. Summary 


The gain of a hearing aid can be measured by 
The chief advan- 
ages of the method are its compactness and sim- 


cavity-pressure technique. 


Results of measurements are equal in 
by the more familiar 


icity 
alidity to those obtained 
A study of 
« method shows that a pressure gain measure- 
This property 


ree-field method. the properties of 


3). 


nent Is approached (see fig. 
nay prove to be valuable in permitting the speci- 
ivation of an inherent pressure gain for a hearing 
hil. The effeets of external conditions, such as 
the body 


geometry of the case, the size of 


Hearing Aids 


O 


Cains of commercial hearing aid on which both free ~fir ld and carity data were obtained. 


baffle, and filtering through clothing, may be de- 
termined by separate investigations. These gen- 
erally applicable data might be incorporated 
It should not 


in 
the specification for pressure gain. 
be necessary to measure them for each instru- 
ment, as they are the same for all hearing aids. 
The separation of the problem of determining the 
actual gain of a hearing aid as worn into a pressure- 
gain measurement, objectively reproducible, and 
a study of body diffraction and ear impedance, 
which are independent of the intrinsic properties 
of the aid, appears to be desirable and useful. 


WAsHINGTON, September 15, 1947. 





